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The wetlands of south-central Nebraska’s Rainwater Basin region are considered 
of international importance as a habitat for millions of migratory birds, but are being 
endangered by agricultural practices.  The Rainwater Basin extends across 17 counties 
and covers 4,000 square miles.  The purpose of this study was to assemble baseline 
chemical data for several representative wetlands across the Rainwater Basin region, and 
determine the use of these chemical data for investigating groundwater recharge.   
Eight representative wetlands were chosen across the Rainwater Basin to monitor 
surface and groundwater chemistry.  At each site, a shallow well and deep well were 
installed and sampled once in the summer of 2009 and again in the spring of 2010.  
Wetland surface water was sampled monthly from April, 2009 to May, 2010.  Waters 
were analyzed for major ions, nutrients, pesticides and oxygen-18 and deuterium isotopes 
at the University of Nebraska Water Sciences Laboratory.   
Geochemical analysis of surface waters presents a range of temporal and spatial 
variations.  Wetlands had variable water volumes, isotopic compositions, ion chemistries 
and agricultural contaminant levels throughout the year and, except for a few trends, 
theses variations cannot be predicted with certainty year-to-year or wetland-to-wetland.  
 Isotopic compositions showed evaporation was a contributor to water loss, and thus, did 
impact water chemistry. 
Surface water nitrate concentrations ranged from <0.10 to 4.04 mg/L.  The nitrate 
levels are much higher in the groundwater, ranging from <0.10 to 18.4 mg/L, and are of 
concern because they are found above the maximum contaminant level (MCL) of 10 
mg/L.  Atrazine concentrations in surface waters ranged from <0.05 to 10.3 ppb.  
Groundwater atrazine concentrations ranged from <0.05 to 0.28 ppb.  The high atrazine 
concentrations in surface waters are of concern as they are above the MCL of 3 ppb, and 
the highest levels occur during the spring bird migration.   
Most sampled groundwaters had detectable tritium indicating a mix of modern 
(<5 to 10 years old) and submodern (older than 1950s) recharge.  The groundwater also 
had differences in chemical and isotope composition, and in some cases, increased nitrate 
concentrations, between the two sampling periods.  Modern groundwater tritium ages and 
changes in groundwater chemical and isotopic compositions may indicate connections 
with surface waters in the Rainwater Basin. 
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I.  Introduction 
A. Overview  
 The Rainwater Basin is an important habitat for migrating and endangered birds 
and may also be a possible groundwater recharge area.  Research from the Texas playa 
wetlands, thought to be similar in hydrologic form, function and dynamics, shows that 
they contribute to groundwater recharge (Wood, 2000).  If the Rainwater Basin wetlands 
do indeed function in a similar manner, then agricultural contaminants migrating into the 
wetlands could be a concern and may impact the quality of the underlying aquifer (NGPC 
Proposal, 2007).   
The Rainwater Basin (RWB) is an important area for millions of migrating birds 
travelling through this region every year (LaGrange, 2005).  It is estimated that 300,000 
shorebirds of 34 different species use the RWB each year during spring migration (Farrar, 
1996; LaGrange, 2005). Up to 14 million geese and ducks migrate through the region 
annually including large populations of white-fronted geese, snow geese, mallards and 
northern pintails (LaGrange, 2005).  Endangered and threatened species including the 
whooping crane, bald eagle and piping plover all regularly use the RWB (LaGrange, 
2005).  The spring migration begins in mid-February and continues through April (Farrar, 
1996).  Migrating birds will spend varying amounts of time in the RWB from brief rests, 
to several weeks to replenish their fat reserves (Farrar, 1996).  This time in the RWB is 
critical to the birds, and they need clean water-filled, food-rich wetlands to survive their 
journey.  
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B. Impact of Agriculture 
 The Rainwater Basin wetlands are disappearing quickly as a result of agricultural 
practices.  When Nebraska became a state in 1867, wetlands covered approximately 
2,910,500 acres of the state (LaGrange, 2005) and nearly 100,000 acres in the Rainwater 
Basin Region (Farrar, 1996).  Destruction of wetlands in Nebraska started in the 1900s as 
farmers drained and ditched lands to create productive farmland (Farrar, 1996).  Center 
pivot irrigation was introduced in the early 1960s (Farrar, 1996), which started 
withdrawing large volumes of water from the aquifers and increasing areas of land that 
could be planted in row crops.  Throughout the state about 35% of wetland acres were 
destroyed.  In the Rainwater Basin 80% of the wetland acres have been destroyed, since 
the 1900s, and only about 21,000 acres remain (Farrar, 1996).  Siltation and pollution 
from fertilizers and pesticide runoff are endangering the basin. Currently, only about 10% 
of the original wetlands in the Rainwater Basin remain because they have been drained 
for farming, bisected by roads or silted-in by erosion (LaGrange, 2005).   
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C. Purpose 
To date, the Rainwater Basin wetlands in south-central Nebraska have not been 
studied to determine their potential to recharge the aquifer system, nor for how they may 
impact groundwater quality.  High levels of nitrate and some levels of atrazine have been 
found in drinking water drawn from aquifers in the RWB region (Exner and Spalding, 
1990).  So, it is important to determine if these wetlands are removing agricultural 
contaminants before they reach the groundwater for wetland or if they are acting as point 
sources of concentrated contamination.  If wetlands are removing agricultural 
contaminants, management policies and laws could be changed to preserve wetlands in 
agricultural areas.  Nitrate, atrazine, and phosphorous are major concerns because the 
wetlands interspersed in this region are surrounded by farmlands of corn and soybeans.   
The overall Rainwater Basin Project was funded by a United States 
Environmental Protection Agency (USEPA) grant and was allocated by the Nebraska 
Game and Parks Commission.  This goal of this larger project was to investigate the role 
of the Rainwater Basin wetlands in providing groundwater quality improvement, the 
influence of wetland sediment removal on groundwater quality, and the effect of 
sedimentation and hydroperiod on plant and wetland bird communities.  This research 
was one of many studies that took place in the Rainwater Basin to investigate the goals of 
this USEPA grant. 
The overall purpose of this study was to assemble baseline chemical data for 
several representative wetlands across the region, and determine the use of these 
chemical data for investigating groundwater recharge.  The specific objectives of this 
research were: 1) to monitor the basic regional, temporal, and spatial geochemical 
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variations of surface water (monthly) and groundwater (twice during the study period) at 
several representative wetland sites within the Rainwater Basin; 2) to characterize surface 
water evaporation dynamics within the wetlands by monitoring temporal changes in the 
water’s stable oxygen and hydrogen isotope compositions relative to local precipitation 
and evaluating increases in the water’s total dissolved solids (TDS) resulting from 
concentration during evaporative water loss; 3) to examine how agricultural 
contaminants, specifically levels of nitrate and atrazine, impact the water quality of the 
surface water at representative wetland sites and in groundwater sampled from wells 
installed at these wetland sites; 4) To document the presence of groundwater recharge to 
the aquifers beneath the Rainwater Basin study wetland sites by examining isotopic 
compositions and geochemical and agricultural contaminant variations.  
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II. Background Information 
There are few studies on the hydrology and geochemistry of waters in the 
Rainwater Basin area in Nebraska.  Many hydrologic comparisons have been made 
between the playa wetlands in Texas (Wood, 2000) and the Rainwater Basin wetlands, 
but research needs to be done to determine if this is an accurate comparison.  To 
determine how the RWB wetlands function it is first important to understand basic 
wetland geochemistry, agricultural contaminant chemistry, and how these affect each 
other in Nebraska. 
 
A. Geochemistry of Wetlands 
 It is important to determine the processes that can affect wetland geochemistry in 
order to understand why there are changes during different sampling events.  Mitsch and 
Gosselink (2007) give a good description of wetland geochemistry.  Wetland chemistry is 
made up of geologic, biologic and hydrologic processes.  Geologic processes include the 
weathering of parent rock.  Dissolved ions are added when water contacts soil and rock 
weathering caused by dissolution and reduction-oxidation (redox) reactions in the 
ground.  Biologic processes include photosynthetic uptake of carbon, and nitrogen 
fixation by plants.  The most important wetland processes are hydrologic, and these 
include groundwater, stream flow, precipitation and runoff.  Arid regions have high 
amounts of salts and ions in surface waters because of the concentration effect from 
higher evaporation rates.  Water’s total dissolved solids (TDS) can increase from 
concentration during evaporative water loss. Runoff from human modified land has a 
large effect on the water chemical composition by increasing the levels of human 
6 
produced and used chemicals in surface waters.  Agricultural fields have high 
concentrations of sediments, nutrients and pesticides.  These chemicals runoff into 
wetlands and drastically affect the wetland geochemistry. 
 
B. Agricultural chemicals 
Field-applied agricultural chemicals are a major source of non-point source 
pollution to wetlands (Angier et al., 2002).  Fertilizers and pesticides can be introduced 
into wetlands through various transport modes including runoff, groundwater flow, spray 
drift, or aeolian deposition (Robarts and Waiser, 1998).  Wetland animal and plant 
species can be greatly affected by poor water quality caused by agricultural chemicals 
(Zedler, 2003).  For example, atrazine affects endocrine-mediated processes in frogs at 
approximately 0.1 ppb (US EPA, 2003).  Atrazine has also been shown to decrease egg 
production and weight of some bird species (US EPA, 2003).  Potentially poor water 
quality is a major concern in the RWB because migrating birds use the wetlands.   
Agricultural chemicals include nutrients, such as nitrogen and phosphorus, and 
pesticides.  Nutrients are usually applied as fertilizers.  Fertilizers applied to agricultural 
fields can contain nitrogen, phosphorus and potassium or potash (Fetter, 1999). The total 
amount of nitrogen applied in fertilizers, usually in the form of anhydrous ammonia, is 
greater than any other nutrient (Crumpton and Goldsborough, 1998).   In excess, these 
nutrients in runoff can cause eutrophication, outbreaks of water-born bacteria and other 
microorganisms, and contamination of drinking water supplies (Angier et al., 2002).   
Pesticides are chemicals that are toxic to the growth of living organisms 
(Goldsborough and Crumpton, 1998).  The more generally used term “pesticide” 
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includes: a) herbicides, which target weeds; b) fungicides, which target fungi; and c) 
insecticides, which target insects.  Herbicides are used most often in agricultural fields, 
although the other types of pesticides are also used (Goldsborough and Crumpton, 1998).  
In the last 50 years, a larger number of pesticides have become available in a greater 
quantity, and this has caused an increased probability for off-site transport (Goldsborough 
and Crumpton, 1998).   
 
1. Nitrogen 
Nitrogen fertilizers came into increasing use after the 1950s and have greatly 
increased the concentrations and fluxes of nitrogen into surface waters (Mitsch et al., 
2001).  Up to 50% of nitrogen fertilizers applied to agricultural croplands can runoff the 
land as nitrates (Crumpton and Goldsborough, 1998).  Nitrogen fertilizers are often 
applied in the form of anhydrous ammonia (NH3), but this is quickly converted into 
nitrogen (N2) in the environment via various oxidation processes (Mitsch et al., 2001).   
The presence of anoxic conditions in wetlands creates microbial denitrification of 
nitrates to nitrogen gas (Mitsch and Gosselink, 2007).  After oxygen in wetlands 
disappears, nitrate redox reactions are the next to occur in the oxidation of organic matter 
in wetlands (Mitsch and Gosselink, 2007).  The nitrogen cycle in wetlands is 
complicated, involving many different processes.  Nitrogen cycling in wetlands is 
controlled by climate, hydrology, geomorphology and vegetation (Bowden, 1987).  
Temperature effects biogeochemical kinetics, so the rates at which microbes and plants 
process nitrogen are controlled by temperature.  Hydrology and geomorphology affect the 
inputs and outputs of nitrogen to a wetland system.  Vegetation can control nitrogen 
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cycling through plant production, which is controlled through the available supply of 
mineralizable nitrogen (Bowden, 1987).  
Nitrogen is most effectively removed in wetlands by nitrification-denitrification 
reactions (Woltemade, 2000).  Mitsch and Gosselink (2007); Crumpton and Goldsbrough 
(1998) give a good description of the nitrification-denitrification reactions that occur in 
wetlands.  Oxidation of ammonium to nitrate occurs before the root zone (Green et al., 
2008).   Nitrification is the oxidation of ammonium to nitrate.  Ammonium is produced in 
wetlands through nitrogen fixation or the mineralization of organic nitrogen.  In nitrate 
mineralization, organically bound nitrogen is converted to ammonium through a series of 
biological transformations (equation 1 and 2).   
NH2CONH2 (urea) + H2O → 2NH3 + CO2   (1) 
NH3 + H2O → NH4+ + OH-     (2) 
In the next step, ammonium diffuses to the aerobic soil layer where nitrification occurs.  
Nitrification takes place in two steps.  The first step is by Nitrosomonas sp. (equation 3) 
and the second step is by Nitrobacter sp. (equation 4).   
2NH4+ + 3O2 → 2NO2- + 2H2O + 4H+ + energy  (3) 
2NO2- + O2 → 2NO3- + energy     (4) 
The nitrate produced then diffuses back to the anaerobic layer where denitrification 
occurs.  Denitrification is the transfer of nitrate to nitrogen gas and is carried out by 
facultative bacteria (equation 5). 
C6H12O6 + 4NO3- → 6CO2 + 6H20 + 2N2 (g)   (5) 
Denitrification is a significant path for nitrogen loss from most wetlands.  Denitrification 
can even be stimulated by increased nitrate loadings in agricultural wetlands.  The 
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frequency and duration of water level fluctuations can significantly affect nitrification 
and denitrification rates because of the transition between anaerobic and aerobic 
conditions.   
 Studies show a wide variety of wetland nitrogen removal rates (Woltemade, 
2000).  Kadlec (1994) showed a nitrogen removal efficiency range of 3 to 98%, with 
nitrate-nitrogen being removed at 96% and ammonium-nitrogen being removed at 14 to 
98%. 
 
2. Phosphorous 
 There are four phosphorus forms found in wetlands.  These four forms are 
dissolved inorganic phosphorus (DIP), dissolved organic phosphorus (DOP), particulate 
inorganic phosphorus (PIP) and particulate organic phosphorus (POP) (Dunne and 
Reddy, 2005; Mitsch and Gosselink, 2007).  In many systems phosphorus is considered a 
limiting nutrient, but in agricultural wetlands, it is not limiting because of its abundance 
and biochemical stability (Mitch and Gosselink, 2007).  Soluble reactive phosphorus 
(SRP) is used as the analytical measure of the bioavailability of phosphorus.  DOP and 
other insoluble forms of phosphorus are usually not biologically available until they are 
transformed into soluble inorganic phosphorus (Mitch and Gosselink, 2007).  
Phosphorous can be released into the environment from mineral fertilizers, animal 
wastes, sewage and detergents (Fetter, 1999).  Dissolved phosphorus is readily sorbed 
onto soil, so it has a very low mobility in groundwater (Fetter, 1999).  Phosphorous is 
primarily transported to wetlands by surface runoff (Angier et al., 2002).  Excess 
phosphorous causes algal blooms in inland lakes (Zedler, 2003).  Wetlands can regulate 
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phosphorus by biotic processes, like assimilation by vegetation or microorganisms, or 
abiotic processes, like sedimentation, adsorption by soils or precipitation (Dunne and 
Reddy, 2005).  Phosphorous removal in wetland systems is controlled by sedimentation, 
adsorption, absorption, complexation and precipitation.  Phosphorus is most commonly 
adsorbed to soil particles (Woltemade, 2000) and will also absorb onto clay particles and 
organic peat (Mitsch and Gosselink, 2007).  Under aerobic conditions insoluble 
phosphates precipitate with ferric iron, aluminum and calcium (Mitsch and Gosselink, 
2007).  At neutral pH, phosphorus is the most bioavailable, and can be incorporated into 
living biomass or bacteria, algae and vascular macrophytes (Mitsch and Gosselink, 2007).   
Phosphorus removal efficiencies have also been shown in various studies to have 
a wide range (Woltemade, 2000).  Kadlec (1994) showed a 99% removal efficiency of 
phosphorus by wetlands.  However, Verhoeven and van der Toorn (1990) showed a range 
of wetland phosphorus removal efficiencies of 25 to 98%. 
  
3. Pesticides 
 The method of application, spray droplet size, atmospheric conditions at the time 
of application and the actual chemical properties of the pesticide can all influence the 
distance of pesticide transport (Goldsborough and Crumpton, 1998).  Frankforter (1995) 
showed that 53% of wetlands in Nebraska’s rangeland contained herbicides, but 80% of 
wetlands in areas of mixed agriculture and 96% of wetlands in areas of active cropland 
contained herbicides.   
Goldsborough and Crumpton (1998) published a detailed study on the fate of 
pesticides in wetlands.  Wetland influences on pesticides depend mostly on the chemical 
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properties of the pesticides applied in the area.  Water-soluble chemicals are likely to 
persist longer in water than insoluble chemicals.  The half-life of the pesticide will also 
have an effect on the persistence of a pesticide in the wetland.  Wetlands have sediments 
and extensive plant growth, which can provide surface adsorption, chemical sequestering 
in plant tissue, microbial degradation on surfaces, and exposure to solar irradiance for 
pesticide photolysis.  Studies of pesticide fate have shown that pesticides disappear 
quickly from wetlands because they adsorb onto sediment organics and decomposing 
litter.  The rate of pesticide dissipation in wetlands may vary greatly with the quantity and 
composition of the vegetation.  
Atrazine and metolachlor are commonly applied herbicides used to control annual 
grasses and broad leaf weeds in different types of agricultural crops (Seybold et al., 
2001).  There have been some studies done on the degradation of these herbicides in 
wetland soils, but the varying results make the actual fate of these herbicides in wetlands 
uncertain.  Chung et al. (1995) show about 50% degradation of atrazine in 38 weeks in 
anaerobic conditions.  Atrazine degradation in anaerobic soil was about twice the rate of 
degradation in the water.  This shows that atrazine degradation is accelerated when it 
adsorbs to soil particles (Seybold et al., 2001). 
Atrazine degradation products are analyzed along with atrazine in this study to 
determine how atrazine is breaking down in the wetlands.  Atrazine has three main 
degradation products: deethylatrazine (DEA), deisopropylatrazine (DIA), and 
hydroxyatrazine (HYA).  This research only determined concentrations for DEA and 
DIA, which are both biotic dealkylations of atrazine.  Figure (1) shows how atrazine 
breaks down to its degradates DEA and DIA.  HYA was not studied in this research 
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because it was not included in the University of Nebraska - Water Science Lab, pesticide 
scan for commonly used pesticides in Nebraska.  The conversion of atrazine to DEA is 
primarily the result of metabolic activity of soil bacteria and fungi (Adams and Thurman, 
1991).  Therefore, the DEA-to-atrazine ratio (DAR) can show atrazine movement 
through the soil matrix before reaching the aquifer instead of direct entry via a natural or 
artificial conduit (Adams and Thurman, 1991).  The DAR can also indicate the residence 
time in soil during atrazine transport, resulting in large DAR values (Jayachandran et al., 
1994).   
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Figure 1.  The molecular compounds of atrazine and its degradates (DEA and DIA). 
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III. Study Area 
A. Physiography 
The Rainwater Basin wetland region covers 17 counties in south-central Nebraska 
(Figure 2) and is approximately 4,000 square miles or 34,103 acres (Farrar, 1996).  The 
northern boundary parallels the central Platte River.  The wetland region is made up of 
numerous wetlands of varying sizes, most ranging from 1 to 40 acres (Farrar, 1996).  The 
Rainwater Basin (RWB) is located in the loess plains region, which is flat to gently 
rolling loess plains made up of silt-loam soils.  There are many theories for the formation 
of the wetland basins, including wind-formation and paleo-landscape formation (Kuzila, 
1994; Farrar, 1996, LaGrange, 2005).  The wetlands are shallow (up to 1 meter) clay-
bottomed depressions with irregular shapes and gently sloping sides (Farrar, 1996).  They 
appear to have a northwest to southeast orientation, possibly relating to paleo-drainage 
patterns.   
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Figure 2.  Location map of the Rainwater Basin wetlands, as delineated by the location 
of the individual wetland hydric soils footprints, across Nebraska.  (Delineation does not 
indicate extent of wetland water body, but presence of hydric soils.) 
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B. Climate 
The climate in the RWB area is characterized by seasonal extremes, with very 
warm summers and long cold winters. The average growing season is about 155 days 
with May 2 as the average date of the last killing frost in the spring, and October 4 as the 
average date of the first killing frost in the fall (Keech and Dreeszen, 1959).  Winds are 
from the south in the summer months and from the northwest in the winter months.  In 
the summer months the winds are moderately strong and are accompanied by high 
temperatures and low humidity, increasing evapotranspiration (Keech and Dreeszen, 
1959).  These relationships are also important because the various airstreams bring 
moisture from different sources and cause variations in the stable isotopic signature of 
precipitation (Harvey, 2001).  Precipitation amounts increase and the isotopic signatures 
become more enriched from west to east across the state (Figure 3). 
More than half the annual precipitation falls in the form of rain from local 
thunderstorms from May to August (Keech and Dreeszen, 1959).  The eastern basin is 
characterized as sub-humid, with average annual precipitation reaching 750 mm (Keech 
and Dreeszen, 1959; HPRCC, 2010).  The western portion of the basin approaches a 
semi-arid climate, with average annual precipitation amounts in the low 500 mm range 
(HPRCC, 2010).     
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Figure 3. Precipitation and water isotope ranges across the state of Nebraska (from 
Harvey, 2010).  Isotope units are in ‰ VSMOW. 
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C. Geology 
 The Rainwater Basin wetlands are in the South Central Plains groundwater region 
(CSD, 1998). Groundwater is found in Pliocene and Pleistocene sand and gravel deposits 
and in the Ogallala group.  Nebraska’s geology is presented in a stratigraphic column 
(Figure 4) from Clay County in the middle of the Rainwater Basin wetlands (Figure 1).  
The Ogallala thins to the east and does not underlie Hidden Marsh in York County 
(Keech et al., 1967).  Ogallala deposits are up to 200 feet thick and consist of limestone 
cemented and unconsolidated sand and gravel, as well as, loess-like silt.  The deposits 
that cover the Ogallala are Quaternary deposits of up to 500 feet of clay, silt, sand and 
gravel.  These deposits are formed by glacial and riverine processes (CSD, 1998).  The 
depth to the water table (Figure 5) throughout most of the Rainwater Basin is 50 to 100 
feet below the surface (CSD, 1998). 
 Groundwater monitoring wells were drilled at each of the wetlands and were 
screened at least 20 feet below the water table.  The oldest deposits that could be reached 
in the Rainwater Basin area during drilling with the drilling rig used, were Tertiary Age 
deposits.  These deposits are closer to the surface in western Nebraska.  The Ogallala 
group is the most recent of the Tertiary sediments laid down in the Rainwater Basin area.  
Maher et al. (2003) give a good description of the Ogallala group.  The sediments are 
mostly sands and gravels with some interspersed layers of volcanic ash.  The High Plains 
aquifer is made up of the sand and gravel Ogallala sediments.   
 Most sediments in the Rainwater Basin, encountered during drilling, consist of 
Quaternary deposits and wells were screened in the unconsolidated sand aquifers within 
these deposits.  Quaternary deposits range in age from 1.8 million years to present.  
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Keech and Dreeszen (1959) give a good description of the Quaternary sediments.  These 
sediments could be from a variety of different formations depending on if they were 
deposited by eolian or riverine processes (Figure 3).  It is difficult to differentiate these 
formations because they vary in thickness throughout the RWB and each formation can 
contain deposits of clay, silt, sand, and gravel. 
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System Series 
Stratigraphic 
Unit 
Thickness 
(Feet) 
Character and 
Distribution 
Quaternary 
Recent 
Surficial 
alluvium, loess 
and soil. 
0-5 (+/-) 
Widespread soils; 
flood-plain deposits of 
clay, silt, sand, and 
gravel; isolated wind 
deposits of silt and clay. 
Pleistocene 
Wisconsin 
Stage 
Peorian and 
younger loess. 
0-30 
Wind deposits of 
yellowish-gray clayey 
silt including, the 
alluvial and colluvial 
clayey silt mantle of the 
terraces along stream 
valleys and in 
depressions in the 
upland. 
Terrace 
deposits and 
Todd Valley 
sand. 
0-30 
Valley and terrace 
deposits of sand and 
gravel in stream 
valleys; present 
principally along the 
Little Blue River valley. 
Illinoian 
and 
Sangamon 
Stages 
Loveland 
formation. 
0-30 
Principally wind 
deposits of brown silt 
and clay containing 
sandy lenses and local 
basal sand; capped by 
fossil soil. 
Crete formation. 
? 
Channel-fill deposit of 
sand and gravel. 
Kansan 
and 
Yarmouth 
Stages 
Sappa 
formation. 
5-60 
Aqueos-eolian stratified 
deposits of silt, clay, 
sand, and gravel; colors 
of silt and clay vary 
from brownish grey to 
light yellowish grey and 
light grey; capped by 
and contains a buried 
soil in some places.  
Grand Island 
formation. 
0-100 
Stream-deposited sand 
and gravel containing a 
fairly persistent layer of 
clay and silt of 
aqueous-eolian origin. 
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Nebraskan, 
Aftonian 
and 
Kansan 
Stages 
Red Cloud sand 
and gravel, and 
Hodrege 
formation, 
undifferentiated. 
0-170 
Stream-deposited sand 
and gravel and some 
nonpersistent layers of 
clay and silt of probable 
aqueous-eolian origin.  
Holdrege and Red 
Cloud formations not 
differentiated because 
of insufficient evidence 
for separation of the 
units.  The Fullerton 
formation of wind-and-
stream-deposited clay 
and silt may be present 
in some places 
between the Red Cloud 
and Holdrege.  
Tertiary Pliocene Ogallala formation. 
0-200 
Brownish-grey and grey 
silt, sandy silt, and 
clayey silt containing 
lenses of sand and, 
locally, a basal gravel; 
partly calcareous but 
principally 
unconsolidated. 
Cretaceous 
Upper Cretaceous 
Niobrara 
formation. 0-380 
Yellow and light- to 
dark-grey marine 
chalky shale and chalk. 
Carlile Shale. 
0-285 
Medium- to dark-grey 
marine shale, 
calcareous in the lower 
part. 
Greenhorn 
Limestone. 0-25 
Grey fossiliferous 
limestone interbedded 
with calcareous shale. 
Graneron 
Shale. 40-65 
Dark-grey shale, 
calcareous in the upper 
part. 
Lower Cretaceous Dakota Sandstone. 300-400 
Interbedded clay shale, 
sandy shale, and 
sandstone. 
Figure 4. Generalized section of the stratigraphic units in the center of the Rainwater 
Basin (Clay County). Modified from Keech and Dreeszen, 1959. 
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Figure 5.  Generalized depth to water (feet) in the Rainwater Basin. Modified from: SNR 
(2010). 
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D. Soils 
The soil series associated with delineating the RWB wetlands sediments are the 
Massie, Fillmore, Scott and Butler (Starks, 1984; Smith, 2003).  The Massie, Fillmore, 
and Scott series are described as fine, smectitic, mesic vertic argialbolls (USDA-NRCS, 
2010).  The Butler series is described as fine, smectitic, mesic vertic argiaquolls (USDA-
NRCS, 2010).  These soils are differentiated by their ability to pond water, with Massie 
located on the basin floor, and the rest of the soils at higher elevations within the basin 
(Starks, 1984).  Wilson (2010) and Starks (1984) provide thorough descriptions of the 
soils and how they occur in the Rainwater Basin wetlands. 
 
E. Hydrology  
The surface water drainage is poorly developed across the region with many small 
closed watersheds that drain into wetlands.  This results in water inputs into the wetlands 
of only runoff and precipitation.  These wetlands do not have any surface drainage 
outputs and are not connected to any streams.  The only outputs for the wetlands are 
infiltration or evapotranspiration.   
It was commonly believed that the wetlands acted as evaporation basins.  In 
recent years, the conceptual model has changed and the managers consider the wetlands 
to function like the Texas playas (Wood, 2000).  The Texas playa wetlands have been 
shown to be the principal source of recharge to the regional aquifer (Holliday et al., 
1996).  The recharge in these wetlands occurs through macropores in the playa basin 
floors and around the edge of the basin, where the water can penetrate the prevalent 
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caliche layers (Scanlon and Goldsmith, 1997).  RWB managers would like to know if 
recharge in the RWB wetlands occurs in the same manner (NGPC Proposal, 2007). 
 
F. Land use 
Agriculture is the primary land use in the RWB region, with corn, wheat, alfalfa 
and grain sorghum being the principal crops (Keech and Dreeszen, 1959).  Corn is the 
principal cash crop, yielding approximately 160 bushels per acre (NASS, 2010).   
A farming practices survey in the Upper and Little Blue River Natural Resource 
Districts describes how fertilizers and pesticides were applied in the RWB region in 1996 
(Farming Practices Study, 1996).  The following data is collected from the Little Bue 
River NRD, which includes Adams, Clay and Fillmore counties in the RWB.  Nitrogen 
fertilizers were applied to approximately 100% of corn and grain sorghum acres, with 
most applied before planting (late fall or early spring).  Nitrogen was primarily applied 
by knifing or injection into the soil, with approximately 179 pounds per acre applied to 
corn and 82 pound per acre applied for sorghum.  Phosphate was applied to 80% of the 
corn acres and 33% of the sorghum acres, with most applied during planting.  Less than 
10 farms applied potash to their acres, so this is not a very important applied nutrient.  
The most frequently used herbicide applied to corn was atrazine, applied to 93% of corn 
acres at a rate of 0.90 pounds of active ingredient per acre for the season.  More current 
studies show that the current most frequently used herbicide is glyphosate (NASS, 2010), 
but atrazine is still a frequently used herbicide.  Corn herbicide applications are most 
often pre-emergence (mid-April to mid-May), but post-emergence applications can occur 
up until the end of June, or until corn reaches 12 inches. 
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IV. METHODS 
To determine how the wetlands affect groundwater quality, both surface water 
and groundwater were sampled and analyzed to determine the concentrations of dissolved 
major ions (Ca, Mg, Na, K, SO4, Cl, and HCO3), nutrients (NO3, NO2, NH4, NH3, and 
PO4) and several commonly used pesticides including atrazine.   
 
A. Site Selection 
 Eight wetlands, located throughout the Rainwater Basin (Figure 6), were chosen 
to correspond with sites chosen for the RWB physical study (Wilson, 2010).  Wilson 
(2010) describes the criteria used for wetland selection.  Three are State Wildlife 
Management Areas (Hidden Marsh, Bluebill, Greenhead) and five are Federal Waterfowl 
Production Areas (Griess, Harms, Moger, Lindau, Linder).  Linder and Lindau are in the 
western part of the Rainwater Basin.  Linder is located in Phelps County and Lindau is 
located in Kearney County.  The other five wetlands are in the eastern part of the 
Rainwater Basin.  Moger, Harms and Greenhead are all within approximately 5 miles of 
each other and are located in Clay County.  Griess and Bluebill are both located in 
Fillmore County.  Hidden Marsh is located in York County. 
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Figure 6.  Wetland site locations within the Rainwater Basin study area in Nebraska. 
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B. Monitoring Well Installation 
One deep and one shallow well were installed using mud-rotary drilling with a 4-
inch or 6-inch drill bit at seven of the eight wetlands in June of 2009.  Wells were not 
installed at the Griess site because the drill rig was not able to enter the wetland, due to 
steep slopes and farmland surrounding the wetland.  At each wetland, the shallow well 
and the deep well were placed at least 20 feet apart to adhere to state laws dictating well 
placement and proximity.  The shallow well was screened approximately 30 feet below 
the water table and the deep well was screened at least 50 feet below the shallow well.  
Depths were chosen during the drilling process in order to install the screen in a sand 
layer with higher conductivity within the aquifer.   
 
C. Geologic Drilling Logs 
Drill logs were created during the drilling of the deep boreholes at each site.  The 
drill logs were created by collecting sediment cuttings as they came to the top of the 
borehole.  These cuttings were collected continuously during the drilling process by a 
wire mesh strainer.  Every 10 feet of cuttings was taken to a plywood table to describe the 
lithology (Appendix A).  Representative samples were bagged from each distinct 
lithologic interval and stored for future reference.   
Wells installed were made of 2- or 4-inch diameter PVC pipe.  On federal wetland 
sites an agreement was made with the U.S. Fish and Wildlife Service that the 4-inch 
diameter shallow wells would be installed in order to be converted to pumping wells to 
supply water for livestock tanks after research was completed.  The rest of the wells were 
made up of 2-inch diameter PVC pipe as is typical for research monitoring wells.  The 
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PVC pipe was cut to 32-inches above ground surface.  Each well had a five-foot screen 
with slot thickness of 0.01 inches.  The hole around the PVC pipe was filled with a filter 
pack of well-sorted silica sand to at least 2 feet above the screen.  The hole was then 
filled with at least two feet of bentonite Holeplug chips.  The rest of the hole was filled to 
the surface with bentonite grout.  The bentonite grout was a mix of granular Benseal with 
water and E-Z mud, and was pumped down the hole with a tremie pipe.  The top of the 
PVC pipes were covered by 36-inch tall rectangular steel wellhead protectors and set in 
approximately 6-inch thick pads of concrete.  The wells were developed after at least 48 
hours of installation by compressed air.  Sampling occurred at least a month after the 
wells were developed to allow settling of the sediments in the well to occur. 
 
D. Groundwater Sampling 
Groundwater samples were collected from the monitoring wells twice during the 
study period.  One set of samples was taken in July 2009 and the other set was taken in 
March 2010 to detect any differences in groundwater chemistry over a season.  The wells 
at Bluebill were partially submerged during the scheduled sampling month in March 
2010, so instead the deep and shallow wells were sampled in May 2010.  Water was 
extracted from the wells using a Grundfos Redi-flo2 submersible pump.  Sampling 
occurred after either three well volumes were pumped from the well, or after monitored 
electrical conductivity, temperature and pH values remained constant and the water was 
clear.  Samples were preserved as required by the U.S. Environmental Protection Agency 
guidelines (APHA, 2005) for the analytes tested, stored at 4 °C and submitted to the lab 
for analysis. 
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E. Surface Water Sampling 
Surface water samples were collected monthly over the entire study period – 
except when the wetlands were frozen, or dry.  Bluebill and Hidden Marsh were also 
sampled for pesticides and nutrients on May 1, 2009, but when the regular monthly 
sampling was taken later in May, there was no water present.  Water was sampled as 
close to the visually observed middle of the wetland as possible, or at the deepest location 
in the wetland.  The water was sampled at half the depth of the water column.  The 
samples were preserved as required by the U.S. Environmental Protection Agency 
recommendations (APHA, 2005) for the analytes tested, stored at 4 ºC, and submitted to 
the lab for analysis.  
 
F. Water Analysis 
1. Parameters 
A number of basic water quality parameters were measured in the field using 
methods employed by Gilbert (2008).  Electrical conductivity (EC), specific conductance 
(SC), salinity and temperature were measured using an YSI-30M electrical conductivity 
probe.  A Thermo-Electron Orion 4-Star pH probe was used to measure pH, mV and 
temperature.  Alkalinity was measured by performing potentiometric titrations in the 
field.  The sample water from the wells was filtered using a Whatman 0.45 µm filter, but 
the surface water samples were not filtered because their increased turbidity required 
inordinate amounts of time for filtering.  A 10-mL self-zeroing buret was used to add 
0.02 N HCl to a stirred 50-mL aliquot of sample water.  The pH of the solution was 
measured and recorded as acid was measured in varying increments until the inflection 
30 
point was reached around a pH of 4.3.  The titration was repeated 1 to 2 more times 
depending on the consistency of the results.  Dissolved oxygen was measured by 
collecting a sample in a BOD bottle, and analyzing the collected sample using a Hach 
Company Kit following the titration method of Winkler (APHA, 2005; Hach Company, 
2008).  The contents of a manganous sulfate (MnSO4) powder pillow were added to the 
BOD bottle as soon as possible after sampling occurred.  The bottle was closed quickly 
with the stopper and inverted several times to dissolve the reagent.  After this first 
chemical was dissolved, the second powder pillow of alkali-iodide-azide reagent was 
added.  The bottle was re-sealed and inverted several times to dissolve this reagent.  After 
the first two chemicals were added, the BOD bottle was allowed to sit for an extended 
time to allow the floc to settle.  Once settling had taken place, the third powder pillow of 
sulfamic acid was added.  The bottle was again stoppered and inverted several times to 
dissolve this reagent.  The BOD bottle with all the added chemicals was then transferred 
back to the lab to measure the dissolved oxygen by titration.  The sample from the BOD 
bottle was transferred to a 200-mL Erlenmeyer flask.  This solution was stirred with a stir 
bar while being titrated with a 0.025 N Na2SO4 solution.  The titration continued until the 
solution turned a light yellow color.  At this point, approximately 4 drops of starch 
solution was added to turn the solution to a dark blue color.  Titration then continued 
until the solution turned clear.  The volume of the 0.025 N Na2SO4 solution was recorded 
and because of the concentration of the titrant this volume was taken to be the 
concentration of the dissolved oxygen in the sample.    
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2. Ions  
Anions (Br, Cl, F, NO3-N, NO2-N, PO4-P, SO4) were collected in a 125-mL 
polyethylene bottle provided by the University of Nebraska-Lincoln Water Science Lab 
(WSL).  Major cations (Ca, Mg, K, Na) were sampled then filtered by suction filtration 
using a Whatman 0.45 µm filter.  This filtered sample was then poured into a 125-mL 
polyethylene bottle and 5 drops of concentrated nitric acid were added to lower the pH to 
below 3 to insure that all of the dissolved metals remain in solution.  A sample for 
ammonia analysis was taken in a separate bottle.  The sample was collected in a 125-mL 
polyethylene bottle and 5 drops of concentrated sulfuric acid was added to lower the pH 
of the sample and convert all ammonia in the sample into ammonia (Figure 7).  All 
bottles were labeled, transferred to a cooler filled with ice, and transported at 4° C to the 
WSL for analysis.  Anions were analyzed at the WSL by ion chromatography (APHA, 
2005) using a Dionex ICS-90 ion chromatograph system, with an AS14 analytical 
column, and suppressed conductivity detection.  The reporting limit for this analysis was 
0.10 mg/L.  Major cations were analyzed at the WSL by atomic absorption 
spectrophotometry (APHA, 2005) using a Perkin Elmer AAnalyst 400 
spectrophotometer. The reporting limit for this analysis was 0.10 mg/L.  Ammonia was 
analyzed at the WSL by the colorimetry alkaline phenate (indophenol blue) method with 
hypochlorite and sodium nitroprusside (APHA, 2005) using an AQ2 discrete chemistry 
autoanalyzer.  The analysis detects all of the ammonium present in the sample and the 
concentration is expressed as ammonia-N in mg/L.  The reporting limit for this analysis 
was 0.05 mg/L. 
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Charge balances were calculated for each water sample to check for analytical 
error and completeness of analysis using the following equation: 
Percent charge balance error = (∑cations -∑anions)  * 100% 
  (∑cations+∑anions) 
where the summed terms represent concentrations expressed as milliequivalents per liter 
(meq/L).  A good charge balance is +/- 10%, and most charge balances in this study were 
within this range.  Those data outside this charge balance range were still reported, but 
caution was used when making conclusions with these data.  Total dissolved solids (TDS) 
were also calculated for each water sample.  In this study TDS was calculated by 
summing the concentrations of the major ions (mg/L). 
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Figure 7.  Ammonia and ammonium ratios depending on pH.
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3. Pesticides 
Pesticide samples were collected in 1-L amber glass bottles.  The bottle was 
topped with aluminum foil to keep the water from reacting with the plastic cap.  The 
bottles were labeled, transferred to a cooler full of ice and transported to the WSL for 
analysis. Twenty-two pesticides and two atrazine degradates were tested for by the WSL 
(Table 1).  These were chosen by the WSL as the most important herbicides used in 
Nebraska.  The WSL analyzed pesticides by solid phase extraction with detection by gas 
chromatography mass spectrometry (Cassada et al., 1994).  Briefly, 1-liter water samples 
are fortified with three isotopically-labelled internal standards and two surrogate 
compounds, and then extracted by drawing the sample through a 1-gram C18 solid phase 
extraction (Waters Corporation, Milford, MA) cartridge under vacuum.  Sorbed 
compounds are then eluted with a small amount of organic solvent, dried with anhydrous 
sodium sulfate, and then further concentrated before injection onto an Agilent 5973 gas 
chromatograph (GC) equipped with a mass selective detector (MSD).  Sample 
components are separated on the GC and identified by retention time and by the relative 
abundance of three mass spectrum peaks characteristic of each compound. The method is 
especially suited for analysis of dissolved atrazine, and two of its metabolites, 
deethylatrazine and deisopropylatrazine, since quantitation for these compounds is based 
on isotope dilution utilizing internal standards, which corrects for any recovery losses 
during the extraction.  Quantization of other pesticides is based an atrazine internal 
standard. Method detection limits vary with compound and range from ~0.01 µg/L for 
atrazine to 0.10 µg/L for cyanazine (Table 1). 
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Table 1.  List of the commonly used pesticides monitored in this study.  The chemical 
formula and reporting limit are also included for each analyte. 
Analyte Formula 
Reporting 
Limit (ppb) 
Acetochlor C14H20ClNO2 0.05 
Alachlor C14H20ClNO2 0.05 
Atrazine C8H14ClN5 0.05 
Butylate C11H23NOS 0.05 
Chlorpyriphos C9H11Cl3NO3PS 0.05 
Chlorthalonil C8Cl4N2 0.05 
Cyanazine C9H13ClN6 0.10 
DEA C10H15N 0.05 
DIA C5H8ClN5 0.10 
Dimethenamid C12H18ClNO2S 0.05 
EPTC C9H19NOS 0.05 
Metolachlor C15H22ClNO2 0.05 
Metribuzin C8H14N4OS 0.05 
Norflorazon C12H9ClF3N3O 0.05 
Pendamethalin C13H19N3O4 0.05 
Permethrin C21H20Cl2O3 0.05 
Prometon C10H19N5O 0.05 
Propachlor C11H14ClNO 0.05 
Propazine C9H16ClN5 0.05 
Simazine C7H12ClN5 0.05 
Tebupyrimfos C13H23N2O3PS 0.05 
Tefluthrin C17H14ClF7O2 0.05 
Terbufos C9H21O2PS3 0.05 
Trifluralin C13H16F3N3O4 0.05 
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4. Isotopes 
Samples for oxygen-18 and deuterium analyses were collected from both the 
surface and groundwater.  Samples for tritium and carbon-14 age determination were 
collected only from the groundwater. Oxygen-18 and deuterium analyses were performed 
on samples collected in 125-mL polyethylene bottles.  Water samples for tritium analysis 
were collected in 1-L polyethylene bottle and carbon-14 analysis were collected in 250-
mL polyethylene bottles.  All of these samples were labeled, transferred to an ice-filled 
cooler and transported to the lab for analysis.  Samples for oxygen-18 and deuterium 
determination were sent to the WSL for analysis.  Deuterium in water was analyzed using 
on-line chromium reduction (Morrison et al., 2001) with a Eurovecter EA3028 fitted with 
a liquid autoinjector interfaced with a GV Isoprime continuous-flow isotope ratio mass 
spectrometer (IRMS).  Oxygen isotopes in water was analyzed by CO2-equilibration on a 
GV2003 continuous flow IRMS.  Standard reference materials (V-SMOW, GISP, and 
SLAP) were used for calibration in both methods and working standards are run at a 
frequency of not less than 5%.   
Age dating of the groundwater from both the shallow and deep wells from each 
wetland was carried out by first measuring tritium isotopes and then by carbon-14 
isotopes for the waters that did not contain tritium.  Tritium can be used as a natural 
tracer because there is a significant difference in tritium concentration in precipitation 
before and after 1952 when atomic bomb testing increased the amount of tritium in the 
atmosphere described in tritium units (TU) (Clark and Fritz, 1997).  The presence of 
tritium in groundwater signifies modern recharge with >30 TU indicating recharge during 
the 1960s and 0.8 to 4 TU indicating mixing of submodern (waters older than 1950s) and 
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modern (<5 to 10 years old) groundwaters.  Tritium samples were sent to the 
Environmental Isotope Laboratory at the University of Waterloo, Ontario, Canada.  
Tritium samples were analyzed using electrolytic enrichment.  Tritium concentrations 
were reported in tritium units (TU) with one TU equivalent to 1 tritium atom per 1018 
hydrogen (1H) atoms (Clark and Fritz, 1997).  The minimum lab detection limit was 0.8 
TU. 
Carbon-14 samples were sent to the Beta Analytic Inc. laboratory in Florida.  
Apparent carbon-14 age was reported along with the carbon-13/carbon-12 ratio.  A 
carbon-14 correction technique of δ13C mixing (Clark and Fritz, 1997) was used to 
correct the determined age for the impacts of carbonate dissolution along the flowpath 
and give a more accurate and reliable groundwater “age”.  The decay equation corrected 
for dissolution was: 
 t = - 8267 * ln      at 14C      
               q * ao 14C 
 
where:  at = measured % modern carbon in groundwater 
            ao = % atmospheric carbon (114 %) 
                   (Clark and Fritz, 1997) 
 
The q-factor (dilution factor) was obtained from a carbon isotope-mass balance 
where: 
   
q =  δ13CDIC - δ 13Ccarb 
      δ 13Csoil - δ 13Ccarb 
 
where:  δ 13CDIC = measured 13C in groundwater 
            δ 13Csoil = δ 13C of the soil CO2 (-23‰) 
            δ 13Ccarb = δ 13C of calcite being dissolved (0‰) 
    
    (Pearson, 1965; Pearson and Hanshaw, 1970) 
 
This q-factor or δ13C correction technique was used in this study because carbonate 
dissolution is the major process occurring in this region (Harvey et al., 2007). 
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V. Results 
The following chapter is separated into sections reporting the results of 
monitoring well installation and drilling logs, and groundwater and surface water 
sampling.  The monitoring well installation and drilling logs section reports the 
stratigraphy encountered beneath the Rainwater Basin wetlands during the test hole 
drilling and well installation.  The three sections that show results of groundwater and 
surface water sampling are divided into chemistry, isotopes, and agricultural 
contaminants.   
 
A. Well installation and Drill logs 
 In order to examine subsurface hydrogeology in the RWB, a shallow and a deep 
well were installed and borehole data was logged at the studied wetlands.  Figures 8-14 
show borehole data for the deep wells drilled at seven out of the eight wetlands examined 
in this study.  Wells were not drilled at Griess because there was no way to access the site 
with the drill rig.   
 The deep well at Linder was screened in Ogallala sandstone from 235.2 to 240.2 
feet below ground surface (BGS).  The shallow well was screened above the Ogallala 
sandstone, but was still in coarse sand and gravel sediments from 159.4 to 164.4 feet 
BGS.  Figure 8 shows the Linder borehole data logged on site during drilling.  There is a 
6-foot thick clay layer at 125 feet BGS which provides a possible semi-confining layer 
above the screened portion of both wells.  Thus the depth to water for these two wells at 
57.60 feet for the shallow well and 60.19 feet for the deep well, are most likely 
representative of the potentiometric surface of the partially confined aquifer system.   
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 The rest of the wells are screened within Quaternary sediments.  Figure 9 shows 
the borehole data for the wells drilled at Lindau.  The deep and shallow wells are 
screened from 182.8 to 187.8 feet BGS and 133.6 to 138.6 BGS, respectively.  The water 
level measured at the shallow well (76.95 feet) is about 7 feet above the water level 
measured at the deep well (83.92 feet), showing that the hydraulic head gradient is 
downward at this location. 
 Figure 10 shows the borehole data for the wells drilled at Moger.  The deep well 
is screened from 191-196 feet BGS and the shallow well is screened from 111.5-116.5 
feet BGS.  Both screens are located in a thick unit of unconsolidated, poorly-sorted sand 
and gravel that reaches from 78 to 188 feet BGS.  The water levels measured in these two 
wells are very similar, showing evidence of static conditions in the unit. 
 Figure 11 shows borehole data for the wells drilled at Harms.  The deep well is 
screened from 191-196 feet BGS and the shallow well is screened from 109.7-144.7 feet 
BGS.  There is a silty clay layer that separates the screens of these two wells from 143-
149 feet BGS.  There is a water level difference between the two wells of about 2 feet, 
showing evidence of a downward gradient.  
 The deep and the shallow well at Greenhead are screened from 191.6-196.6 feet 
BGS and 103.25-108.25 feet BGS respectively.  The borehole data for these wells is 
shown in Figure 12.  There is a silty clay layer that separates these two screens from 128-
141 feet BGS.  The measured water levels at the two wells differ by 3 feet, showing 
evidence of a downward gradient. 
 Figure 13 shows borehole data for the wells drilled at Bluebill.  The deep and the 
shallow well are screened in the same unconsolidated coarse sand and gravel unit, where 
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the deep well is screened from 160-165 feet BGS and the shallow well is screened from 
120-125 feet BGS.  The water levels at these two wells are very similar, differing by only 
0.3 feet, showing evidence of static conditions. 
 Figure 14 shows the borehole data for the wells drilled at Hidden Marsh.  The 
deep well and the shallow well are screened from 200-205 feet BGS and 120-125 feet 
BGS, respectively.  There is a thick layer of silt mixed with sand and clay that separates 
these two screens from 130-181 feet BGS.  The depth to water in the wells differs by 4 
feet, showing evidence of a downward gradient.  The clay layer separating the sand layers 
from the surface is not as thick at Hidden Marsh as it is at other wetlands.  There is 
topsoil to 6 feet BGS and then a clay layer from 20 to 24 feet BGS.  This thin clay layer 
shows that there is not a thick partially confining layer beneath this wetland.
41 
 
 
 
Figure 8.  Generalized stratigraphic column at Linder, depths given in feet.  Deep well 
(LR-1B) screened from 235.2’-240.2’, water level is 60.19 feet BGS.  Shallow well (LR-
1A) screened from 159.4’-164.4’, water level is 57.60 feet BGS. 
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Figure 9.  Generalized stratigraphic column at Lindau, depth given in feet.  Deep well 
(LU-1B) screened from 182.8’-187.8’, water level is 83.92 feet BGS.  Shallow well (LU-
1A) screened from 133.6’-138.6’, water level is 76.95 feet BGS. 
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Figure 10.  Generalized stratigraphic column at Moger, depth given in feet.  Deep well 
(M-1B) screened from 191’-196’, water level is 85.05 feet BGS.  Shallow well (M-1A) 
screened from 111.5’-116.5’, water level is 84.98 feet BGS. 
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Figure 11.  Generalized stratigraphic column at Harms, depth given in feet.  Deep well 
(H-1B) screened from 191’-196’, water level is 96.92 feet BGS.  Shallow well (H-1A) 
screened from 109.7’-144.7’, water level is 95.02 feet BGS. 
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Figure 12.  Generalized stratigraphic column at Greenhead, depth given in feet.  Deep 
well (GH-1B) screened from 191.6’-196.6’, water level is 82.10 feet BGS.  Shallow well 
(GH-1A) screened from 103.25’-108.25’, water level is 79.15 feet BGS. 
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Figure 13.  Generalized stratigraphic column at Bluebill, depth given in feet.  Deep well 
(BB-1B) screened from 160’-165’, water level is 91.38 feet BGS.  Shallow well (BB-1A) 
screened from 120’-125’, water level is 91.05 feet BGS.
0
20
40
60
80
100
120
140
160
180
Topsoil 
Yellow-brown clay 
Tan sandy clay 
Fine to medium 
sand, coarsening 
with depth 
Buff silty clay 
Coarse sand 
Buff silty clay 
Coarse sand and gravel 
Buff silty sand 
BB-1B BB-1A 
Bottom of hole=172.4’ 
47 
 
Figure 14.  Generalized stratigraphic column at Hidden Marsh, depth given in feet.  Deep 
well (HM-1B) screened from 200’-205’, water level is 95.64 feet BGS.  Shallow well 
(HM-1A) screened from 120’-125’, water level is 91.12 feet BGS. 
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B.  Chemistry 
Chemical parameters included in this section include temperature, pH, EC, 
dissolved oxygen.  The pH value is controlled by all the various equilibria reactions in the 
wetland, especially the carbonate system (Eby, 2004).  The dissolved oxygen (DO) 
values influence the oxidation-reduction (redox) reactions that will occur in the wetland 
and groundwater.  The redox reactions that are occurring in the wetland and groundwater 
will determine the nitrate species that are observed.  
Piper and Stiff diagrams are used to illustrate groundwater and surface water 
chemistry.  Trilinear diagrams (after Piper, 1944) are plotted to determine water 
classifications (after Back, 1966).  These diagrams can also be used to evaluate how the 
waters have evolved chemically over the monitoring period.  Figure (15) shows the 
trilinear assemblage that piper diagrams are plotted on.  Stiff diagrams (after Stiff, 1951) 
show concentrations of major ions in the water in milliequivalents.  The cations are 
presented on the left side of the diagram and the anions are shown on the right side of the 
diagram (Figure 16).  The shape of the diagrams represents relative and total abundance 
of the ions (Eby, 2004).  The ion concentrations and a larger shape Stiff diagram displays 
higher amounts of total dissolved solids (TDS).  The Stiff diagrams illustrate how the 
waters for each site evolved chemically throughout the sampling period (temporal 
variation), and how they differed from site to site across the region (spatial variation).   
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Figure 15.  Template showing the arrangement of the axes on the Piper diagram (after 
Piper, 1944).  
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Figure 16.  Template showing the configuration of the Stiff diagram (after Stiff, 1951). 
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1. Groundwater 
i. Parameters 
Groundwater parameter results are presented in Tables 2 and 3.  Groundwater 
temperatures, which remained fairly constant throughout the sampling period, ranged 
from 12.0 to 15.8 ºC, and had an average of 13.8 ºC.  The groundwater temperatures were 
slightly warmer than the average annual air temperature of 10 ºC.  Water pH values 
ranged from 6.25 to 7.26 with an average of 6.78.  Dissolved oxygen (DO) values ranged 
from 0.1 to 10.7 mg/L.  The average DO was 3.3 mg/L.  
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Table 2. Water parameters from wells sampled during the summer of 2009. (A=shallow 
wells, B=deep wells.) 
Date Location 
Temperature 
(ºC) pH 
Dissolved 
Oxygen (mg/L) 
7/27/2009 LR-1B 15.7 7.26 3.5 
7/27/2009 LR-1A 15.0 7.25 7.5 
7/27/2009 LU-1B 15.8 7.15 0.1 
7/27/2009 LU-1A 14.2 6.90 0.6 
7/28/2009 H-1B 13.8 7.15 2.3 
7/28/2009 H-1A 14.1 6.30 5.5 
7/28/2009 M-1B 13.8 7.20 0.1 
7/28/2009 M-1A 13.4 6.69 2.3 
7/28/2009 GH-1B 14.0 6.98 3.1 
7/28/2009 GH-1A 13.5 6.79 8.2 
7/28/2009 BB-1B 15.1 6.91 0.2 
7/28/2009 BB-1A 13.8 6.89 3.0 
7/29/2009 HM-1B 14.5 6.57 1.3 
7/29/2009 HM-1A 14.0 6.68 5.0 
 
 
Table 3. Water parameters from wells sampled during the spring of 2010. (A=shallow 
wells, B=deep wells.) 
Date Location 
Temperature 
(ºC) pH 
Dissolved 
Oxygen (mg/L) 
3/15/2010 LR-1B 14.5 6.70 4.0 
3/15/2010 LR-1A 13.2 6.99 10.7 
3/15/2010 LU-1B 13.5 6.62 0.3 
3/15/2010 LU-1A 13.3 6.57 0.3 
3/16/2010 H-1B 12.7 6.81 2.6 
3/16/2010 H-1A 12.5 6.85 5.6 
3/16/2010 M-1B 13.0 6.55 0.3 
3/16/2010 M-1A 12.0 6.25 2.5 
3/16/2010 GH-1B 13.1 6.64 2.4 
3/16/2010 GH-1A 13.1 6.31 6.2 
5/14/2010 BB-1B 13.7 6.96 0.3 
5/14/2010 BB-1A 13.7 6.68 4.5 
3/17/2010 HM-1B 13.2 6.66 4.9 
3/17/2010 HM-1A 13.1 6.40 4.5 
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 ii. Ions 
 Complete chemical results for the deep and shallow wells at the wetlands are 
presented for the summer of 2009 sampling (Table 4) and the spring of 2010 sampling 
(Table 5).  Piper diagrams and the Back classifications are used to determine aquifer 
water types beneath each wetland (Figures 17 and 18).  These water types are also 
presented in Tables 4 and 5.  The waters sampled from the wells were all calcium-
bicarbonate type, except for the water from Hidden Marsh.  Where the shallow well was 
the only water with a calcium-sulfate type during the summer of 2009, and the spring of 
2010.  The waters from the deep well at Hidden Marsh also evolved to a calcium-sulfate 
type in the spring of 2010.  Groundwater from the shallow wells had chemically different 
signatures than water from the deep wells at the same wetland site (Figures 19-20).  The 
water in the shallow wells at Linder and Lindau had higher total dissolved solids (TDS) 
than the water in the deep wells (Figures 19-20). 
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Figure 17.  Piper diagrams displaying water type for wells sampled during the summer of 
2009.  
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Figure 18.  Piper diagrams displaying water type for wells sampled during the spring of 
2010. 
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Figure 19.  Stiff diagrams of groundwater chemistry sampled from deep wells and 
shallow wells in the summer of 2009 (diagrams have a scale 8 meq/L). 
 
59 
 
Figure 20.  Stiff diagrams of groundwater chemistry sampled from deep wells and 
shallow well in spring of 2010 (diagram scale is 8 meq/L).   
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2. Surface water 
 The wetlands did not contain ponded water continuously throughout the entire 
sampling period.  Thus, all wetlands were checked each month for the presence of water 
and if any water was found anywhere in the wetlands it was sampled and analyzed.  
 
i. Ponded Water Presence 
Water volume data were obtained from Wilson (2010) and precipitation data were 
obtained from the High Plains Regional Climate Center (HPRCC) from each wetland and 
are presented in Figures 21-25.  Some weather stations were close to multiple wetlands, 
so these wetlands are shown together on one graph with the precipitation in the region.  
The largest precipitation events occurred in late May and early June of 2009; September 
and October of 2009; and in late April and early May of 2010.   
Linder, Lindau, Moger and Greenhead contained enough ponded water for 
sampling throughout the entire study period (Figures 21-23).  Griess contained water 
throughout most of the sampling period except for the sample dates in July and August 
2009 (Figure 24).  Bluebill was dry on the scheduled sample dates from June to 
September 2009 (Figure 24).  Hidden Marsh and Harms were dry for the majority of the 
sampling period.  Hidden Marsh contained water only in April and November 2009 and 
then throughout the rest of the sampling period in 2010 (Figure 25).  Harms only 
contained water in April 2009, and then held water throughout the rest of the sampling 
period in 2010 (Figure 23). 
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Figure 21. Precipitation and water volumes (dashed line) for the sampling period at 
Linder. 
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Figure 22. Precipitation and water volumes (dashed line) for the sampling period at 
Lindau. 
 
62 
0
50
4/
1/
09
5/
1/
09
6/
1/
09
7/
1/
09
8/
1/
09
9/
1/
09
10
/1
/0
9
11
/1
/0
9
12
/1
/0
9
1/
1/
10
2/
1/
10
3/
1/
10
4/
1/
10
5/
1/
10
P
re
ci
p
ita
tio
n
 (m
m
)
0
135000
W
at
er
 V
o
lu
m
e 
(m
3 )
Precip
Moger
Harms
Greenhead
 
Figure 23. Precipitation and water volumes (dashed line) for Moger, Harms and 
Greenhead. 
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Figure 24. Precipitation and water volumes (dashed line) for Griess and Bluebill. 
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Figure 25. Precipitation and water volumes (dashed line) for Hidden Marsh.
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 ii. Chemical parameters 
 Tables 6-13 present the water parameters for each wetland.  Water temperatures 
ranged from 2.5 ºC to 28.6 ºC with an average of 15.2 ºC.  Surface water variations are 
likely tied to changes in air temperature and seasonal evaporation dynamics.  Water pH 
values ranged from 6.03 to 8.92, with an average of 7.31.  Dissolved oxygen (DO) values 
ranged from 0 to 15.2 mg/L.  The average DO was 6.79 mg/L.   
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Table 6. Parameters for surface water sampled at Linder. 
Date 
Water volume 
(m3) 
Temperature 
(ºC) pH 
Dissolved 
Oxygen (mg/L) 
Apr-09 3200 2.5 7.25   
May-09 700 17.3 7.75 8.7 
Jun-09 700 11.8 7.87 5.7 
Jul-09 19800 19.7 6.74 4.3 
Aug-09 9000 24.2 7.72 5.3 
Sep-09 4300 18.6 8.07 6.0 
Oct-09 3400 3.3 8.04 8.7 
Nov-09 30000 7.9 7.86 7.6 
Mar-10 40600 3.9 7.72 7.9 
Apr-10 12500 7.3 7.98 7.0 
May-10 7200 6.2 8.12 8.4 
 
 
Table 7. Parameters for surface water sampled at Lindau. 
Date 
Water 
volume (m3) 
Temperature 
(ºC) pH 
Dissolved Oxygen 
(mg/L) 
Apr-09 1900 6.9 6.69   
May-09 2000 24.2 8.74 9.9 
Jun-09 17800 19.3 7.37 7.5 
Jul-09 11300 27.0 6.03 8.4 
Aug-09 12100 24.2 6.70 1.5 
Sep-09 10900 18.7 6.62 1.8 
Oct-09 1400 4.1 8.10 5.0 
Nov-09 23200 9.7 7.32 5.8 
Mar-10 31200 7.2 7.20 6.8 
Apr-10 15500 11.8 7.10 6.6 
May-10 15000 14.2 6.38 9.4 
 
 
Table 8. Parameters for surface water sampled at Moger. 
Date 
Water 
volume (m3) 
Temperature 
(ºC) pH 
Dissolved 
Oxygen (mg/L) 
Apr-09 16400 13.0 7.20   
May-09 1500 22.6 7.64 7.3 
Jun-09 800 18.0 6.73 3.5 
Jul-09 700 23.0 6.14 1.1 
Aug-09 500 26.5 6.91 3.7 
Sep-09 1200 24.5 7.25 8.7 
Oct-09 1000 5.2 8.30 8.9 
Nov-09 1600 13.1 7.53 9.6 
Mar-10 6400 5.2 7.31 9.4 
Apr-10 11900 15.5 7.59 9.0 
May-10 11400 16.7 7.51 11.3 
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Table 9. Parameters for surface water sampled at Harms. 
Date 
Water 
volume (m3) 
Temperature 
(ºC) pH 
Dissolved 
Oxygen (mg/L) 
Apr-09 100 20.8 7.11   
Mar-10 9300 4.0 7.50 5.7 
Apr-10 5400 22.0 6.67 9.3 
May-10 1700 24.2 6.40 4.2 
 
 
Table 10. Parameters for surface water sampled at Greenhead. 
Date 
Water volume 
(m3) 
Temperature 
(ºC) pH 
Dissolved 
Oxygen (mg/L) 
Apr-09 37500 16.2 8.50   
May-09 23500 19.6 7.70 8.9 
Jun-09 6600 23.2 8.70 4.7 
Jul-09 1000 26.0 6.54 3.0 
Aug-09 1000 28.6 6.55 0 
Sep-09 300 24.4 6.63 7.3 
Oct-09 7100 4.5 8.11 8.9 
Nov-09 17800 14.3 7.88 10.4 
Mar-10 131600 7.8 7.23   
Apr-10 87400 11.3 7.62 6.7 
May-10 114500 16.1 6.63 7.9 
 
 
Table 11. Parameters for surface water sampled at Griess. 
Date 
Water 
volume (m3) 
Temperature 
(ºC) pH 
Dissolved 
Oxygen (mg/L) 
Apr-09 1500 22.9 6.95   
May-09 1500 21.2 7.26   
Jun-09 1900 23.0 8.01 15.2 
Sep-09 43300 19.5 6.95 0.7 
Oct-09 26200 5.3 8.24 8.9 
Nov-09 33200 12.9 7.90 12.1 
Mar-10 79200 3.9 7.99 5.1 
Apr-10 54300 12.1 6.92 7.0 
May-10 31500 12.1 7.60 5.3 
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Table 12. Parameters for surface water sampled at Bluebill. 
Date 
Water 
volume (m3) 
Temperature 
(ºC) pH 
Dissolved 
Oxygen (mg/L) 
Apr-09 400 23.5 7.05   
May-09 20 20.7 6.54   
Sep-09 2500 19.2 6.28 0.2 
Oct-09 600 5.6 8.15 8.5 
Nov-09 2600 12.4 7.04 8.6 
Mar-10 7300 4.3 6.11 5.9 
Apr-10 3800 15.4 6.57 6.3 
May-10 900 17.4 6.17 7.5 
 
 
Table 13. Parameters for surface water sampled at Hidden Marsh. 
Date 
Water 
volume (m3) 
Temperature 
(ºC) pH 
Dissolved 
Oxygen (mg/L) 
Apr-09 10 23.8 8.92   
Nov-09 200 11.6 7.0 3.1 
Mar-10 1200 6.7 7.47 8.0 
Apr-10 700 17.1 6.85 7.4 
May-10 200 22.2 6.59 9.1 
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 iii. Ions 
Major ions, as well as the percent charge balance and the water types for each 
wetland, are presented in Tables 14-21.  The water types were determined by using the 
Piper diagrams and the Back (1966) classification scheme as described earlier (Figures 
26-33).  Linder surface waters were primarily no dominant type-bicarbonate, except for 
April 2009 and March and April 2010, when the waters evolved to sodium-bicarbonate 
types (Figure 26).  The major cation at Lindau was no dominant type, calcium, sodium or 
potassium; and the major anion was bicarbonate (Figure 27).  Moger waters had primarily 
calcium/no dominant type-bicarbonate signatures, except for April 2009, when the water 
was a sodium-bicarbonate type (Figure 28). Harms waters were primarily no dominant 
type-bicarbonate, except for April 2009, when the waters were potassium-bicarbonate 
type (Figure 29).  Greenhead waters were mostly potassium-bicarbonate type, except 
when the anions or cations were considered no dominant type (Figure 30).  July and 
August 2009 had waters that were sodium/potassium-chloride types (Figure 30). Bluebill 
had waters which were primarily no dominant type-bicarbonate; the exception being in 
April 2009, when the waters were a potassium-sulfate type, and May 2009, when the 
waters were a potassium-bicarbonate type (Figure 32).  Griess and Hidden Marsh had 
waters with potassium-bicarbonate signatures throughout the entire sampling period 
(Figure 31 and 33).  The water at Hidden Marsh from May 2010 had a cation signature of 
no dominant type, but it had enough potassium to still be considered a potassium-
bicarbonate type (Figure 33).   
Major ions have also been plotted for each site and each sampling date using stiff 
diagrams, which allow complete major ion analysis to be viewed together (Figures 34-
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41).  Linder, Lindau and Moger all had similar major ion concentrations throughout the 
sampling period (Figures 34-36).  Linder and Moger waters had many similarities, with 
higher total dissolved solids from August to October 2009.  Even though Harms was dry 
throughout most of the sampling period, the major ion concentrations are similar during 
the few sampling months when water was present (Figure 37).  The shapes of the stiff 
diagrams at Greenhead are significantly different in July and August 2009, than 
throughout the rest of the sampling period, with a larger concentration of chloride (Figure 
38).  The water at Griess had higher amounts of TDS during June 2009 (Figure 39).  
Bluebill water has a significantly different shape during May 2009, with a larger 
concentration of sulfate than bicarbonate (Figure 40).  Waters at Hidden Marsh had 
higher amounts of TDS during November 2009, than during the rest of the sampling 
period (Figure 41). 
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Figure 26. Piper diagram illustrating water types for surface water sampled during the 
study period at Linder. 
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Figure 27. Piper diagram illustrating water types for surface water sampled during the 
study period at Lindau. 
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Figure 28. Piper diagram illustrating water types for surface water sampled during the 
study period at Moger. 
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Figure 29. Piper diagram illustrating water types for surface water sampled during the 
study period at Harms. 
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Figure 30. Piper diagram illustrating water types for surface water sampled during the 
study period at Greenhead. 
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Figure 31. Piper diagram illustrating water types for surface water sampled during the 
study period at Griess.  
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Figure 32. Piper diagram illustrating water types for surface water sampled during the 
study period at Bluebill. 
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Figure 33. Piper diagram illustrating water types for surface water sampled during the 
study period at Hidden Marsh. 
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Figure 34.  Stiff diagrams displaying surface water chemisty during the study months at 
Linder. Diagram scale is 4 meq/L.  (Different colors signify different months.) 
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Figure 35.  Stiff diagrams displaying surface water chemistry during the study months at 
Lindau.  Diagram scale is 4 meq/L. (Different colors signify different months.) 
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Figure 36.  Stiff diagrams displaying surface water chemistry during the study months at 
Moger.  Diagram scale is 4 meq/L.  (Different colors signify different months.) 
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Figure 37.  Stiff diagrams display surface water chemistry during the study months at 
Harms. Diagrams scale is 1.2 meq/L.  (Different colors signify different months) 
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Figure 38.  Stiff diagrams displaying surface water chemistry during the study months at 
Greenhead.  Display scale 3 is meq/L.  (Different colors signify different months.) 
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Figure 39.  Stiff diagrams displaying surface water chemistry during the study months at 
Griess.  Diagram scale is 1.2 meq/L.  (Different colors signify different months.) 
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Figure 40.  Stiff diagrams displaying surface water chemistry during the study months at 
Bluebill.  Diagram scale is 1.5 meq/L.  (Different colors signify different months.) 
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Figure 41.  Stiff diagrams displaying surface water chemistry during the study months at 
Hidden Marsh.  Diagram scale is 1 meq/L.  (Different colors signify different months.) 
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C. Isotopes 
1. Stable Oxygen and deuterium 
 i. Groundwater 
Groundwater δ18O and δ2H values are presented in Table (22).  The δ18O values 
range from -11.6 to -6.9 ‰, and the δ2H values range from -77.5 to -44.6 ‰.  The δ18O 
and δ2H values shift from heavier to lighter in groundwater sampled from east (Hidden 
Marsh, HM) to west (Linder, LR) across the basin (Table 22).  The δ18O and δ2H values 
also are lighter (more negative) in waters from the deep wells than in waters from the 
shallow wells.  Both the δ18O and δ2H values differ between the two sample periods in 
the summer of 2009 and the spring of 2010.  The isotopes appear to be heavier when 
sampled in spring 2010 than they were during the summer of 2009 sampling period. 
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Table 22. δ18O and δ2H values for groundwater sampled in the summer of 2009 and the 
spring of 2010. 
Date Well ID 
δ18O (‰ 
VSMOW) 
δ2H (‰ 
VSMOW) 
Summer 
2009 
LR-1B -11.6 -77.5 
LR-1A -11.1 -72.7 
LU-1B -10.8 -73.3 
LU-1A -9.4 -61.5 
H-1B -9.4 -60.0 
H-1A -7.9 -77.5 
M-1B -9.8 -73.2 
M-1A -8.8 -72.9 
GH-1B -9.8 -65.1 
GH-1A -9.0 -56.4 
BB-1B -9.2 -58.5 
BB-1A -8.4 -52.6 
HM-1B -8.6 -54.0 
HM-1A -8.5 -47.0 
Spring 
2010 
LR-1B -10.7 -74.3 
LR-1A -10.5 -71.9 
LU-1B -10.1 -71.0 
LU-1A -9.0 -59.8 
H-1B -8.6 -58.8 
H-1A -6.9 -44.6 
M-1B -8.9 -61.3 
M-1A -8.1 -49.7 
GH-1B -8.8 -62.0 
GH-1A -8.3 -51.2 
BB-1B -7.5 -61.8 
BB-1A -7.5 -62.7 
HM-1B -7.8 -45.8 
HM-1A -6.9 -48.7 
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 ii. Surface water 
Surface water δ18O and δ2H values are presented in Table (23).  The δ18O values 
range from -13.8 to 7.8 ‰, and the δ2H values range from -95.4 to 21.4 ‰.  The heaviest 
isotope values were found in the wetland waters from May to July 2009 (Table 23).  The 
lightest isotope values were found in the surface waters during November 2009 and 
March 2010 sampling events (Table 23).  The surface water isotope values vary 
temporally in the individual wetlands between successive sampling months and also vary 
spatially between the different wetlands during the same sampling period across the 
Rainwater Basin. 
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Table 23. δ18O and δ2H values for surface water sampled throughout the study period.  
(Units are ‰ VSMOW) 
Date Location δ18O δ2H  Date Location δ18O δ2H 
April-09 
Linder -4.4 -37.2  
March-
10 
Linder -11.8 -78.8 
Lindau -1.1 -13.4  Lindau -11.0 -69.7 
Harms -6.1 -33.9  Harms -13.6 -93.6 
Moger -5.7 -35.4  Moger -13.6 -95.4 
Greenhead -4.2 -29.4  Greenhead -13.0 -90.2 
Griess -2.7 -17.3  Griess -13.2 -88.6 
Bluebill -3.9 -23.4  Bluebill -13.8 -94.5 
Hidden Marsh -0.9 -8.5  Hidden Marsh -13.6 -92.1 
May-09 
Linder 0.1 -6.1  
April-
10 
Linder -6.95 -84.0 
Lindau 0.7 -7.1  Lindau -5.89 -62.5 
Moger -1.1 -15.8  Moger -8.68 -77.0 
Greenhead -0.1 -9.9  Harms -5.92 -66.7 
Griess -2.4 -20.6  Greenhead -9.74 -76.0 
Bluebill -5.1 -27.4  Griess -9.99 -76.1 
June-09 
Linder -1.1 -4.1  Bluebill -7.08 -67.4 
Lindau -0.3 8.2  Hidden Marsh -8.00 -68.0 
Moger 1.6 7.6  
May-
10 
Linder -0.67 -23.5 
Griess -2.8 -8.3  Lindau -0.80 -15.9 
July-09 
Linder -1.9 -18.1  Moger -2.16 -31.4 
Lindau 0.9 -4.1  Harms -2.28 -20.7 
Moger 3.7 6.3  Greenhead -3.36 -37.0 
Greenhead 7.8 21.4  Griess -3.18 -38.2 
August-09 
Linder -5.0 -42.2  Bluebill -2.24 -23.1 
Lindau -2.3 -22.3  Hidden Marsh -0.23 -34.4 
Moger -8.4 -56.0      
Greenhead 6.2 16.6      
September-
09 
Linder -5.3 -27.2      
Lindau -3.7 -34.2      
Moger -4.8 -39.2      
Greenhead -2.1 -15.7      
Griess -5.9 -33.6      
Bluebill -5.0 -29.9      
October-09 
Linder -4.8 -48.5      
Lindau -2.3 -30.1      
Moger -2.2 -29.5      
Greenhead -7.7 -55.7      
Griess -4.1 -31.5      
Bluebill -5.1 -43.3      
November-
09 
Linder -12.4 -90.1      
Lindau -10.9 -78.6      
Moger -5.3 -46.4      
Greenhead -7.8 -60.6      
Griess -5.8 -47.5      
Bluebill -10.0 -69.6      
Hidden Marsh -10.2 -70.0      
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2. Age dating of Groundwater 
Table (24) presents the tritium values for each of the well waters sampled in the 
study.  The tritium values range from below the detection limit (<0.8 TU) to 6.5 TU.  The 
tritium values were higher in the shallow wells then in the deep wells (Table 24).   
Table (25) presents the apparent carbon-14 age, the % modern carbon, and the 
δ13C values in the sample waters.  The measured δ13C values represent the dissolved 
carbonate within the water and were used to make the correction for carbonate 
dissolution along the flowpath.  Once the carbon-14 ages were corrected for carbonate 
dissolution, the only well water with an age above the method range (<300-900 years) 
was the deep well at Linder.  The water age of the deep well at Linder was calculated as 
931 years before present (Table 25). 
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Table 24. Tritium levels (TU) for groundwater sampled from wells installed at study 
wetland sites. 
Well ID Tritium (TU) 
LR-1B <0.8 
LR-1A 6.5 
LU-1B 1.1 
LU-1A 3.9 
H-1B <0.8 
H-1A 4.7 
M-1B <0.8 
M-1A 3.4 
GH-1B 0.8 
GH-1A 4.1 
BB-1B 1.1 
BB-1A 5.5 
HM-1B <0.8 
HM-1A 3.7 
  
 
 
Table 25. Carbon-14 dating of waters from selected deep wells.  Submodern waters are 
recharged before 1952. 
Well 
Apparent C-14 
age (years 
before 
present) 
% Modern 
Carbon 
δ13C (‰ 
VPDB) 
Corrected C-14 age (years 
before present) 
LR-1B 7040 41.63 -9.4 931 
H-1B 2190 76.14 -6.8 submodern (< 300-900) 
M-1B 2450 73.71 -8.1 submodern (< 300-900) 
BB-1B* 1750 80.42 -7.6 submodern (< 300-900) 
HM-1B 2060 77.38 -8.4 submodern (< 300-900) 
 * also contains 3H (1.1 T.U.) 
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D. Agricultural Contaminants 
 Agricultural contaminants are discussed separately from groundwater chemistry 
because they are a major focus of this research.  The contaminants studied included 
nutrients (nitrate and phosphate), and pesticides.  There were 22 pesticides and two 
atrazine degradates tested for in this study.  Atrazine and its degradates, DEA and DIA, 
were the main concern for this study. 
 
1. Groundwater 
The nitrate concentrations in the groundwater ranged from below the detection 
limit (<0.10) to 18.4 mg/L as NO3-N.  At Linder, Moger, Harms, Bluebill and Hidden 
Marsh, groundwater concentrations were above the MCL (10 mg/L as NO3-N) for 
drinking water (Table 26).  The shallow wells have higher nitrate levels than the deep 
wells.  The shallow and deep wells at Lindau did not have any nitrate in the water during 
either of the sampling periods.  Nitrate was not found in the waters from the deep wells at 
Moger and Bluebill during either of the sampling months.  Hidden Marsh had about 11 
mg/L higher nitrate levels in the water from the deep well during March 2010 than June 
2009.  The phosphate concentrations in the groundwater were low ranging from below 
the detection limit (<0.10 mg/L) to 1.09 mg/L as PO4-P (Table 27).  The highest 
phosphate concentrations were in the groundwater at Harms, and the lowest phosphate 
concentrations were in the groundwater at Lindau (Table 27). 
Of the twenty-four pesticides monitored in this study, only atrazine, DEA and 
DIA were found in the groundwater.  These herbicides were found in small amounts that 
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were less than the MCL (3 ppb) for drinking water.  Atrazine and its degradates, along 
with the Deethylatrazine-Atrazine ratio (DAR) are presented in Table (28).     
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Table 26.  Nitrate levels (mg/L of NO3
--N) in shallow and deep wells at wetlands during the two 
sampling events. 
 Wetlands 
Shallow Wells Linder Lindau Moger Harms Greenhead Bluebill Hidden Marsh 
July-09 11.7 <0.10 13.2 10.5 7.75 7.96 18.2 
Mar-10 10.1 <0.10 12.4 11.1 8.39 14.6 18.4 
Deep Wells   
July-09 2.56 <0.10 <0.10 2.17 3.7 <0.10 3.03 
Mar-10 2.49 <0.10 <0.10 2.03 3.4 <0.10 14.7 
 <0.10 means the nitrate in the sample is below the lab detection limit 
 
red numbers mean the sample is above the MCL (10 mg/L as NO3
--N) for 
drinking water 
 
 
Table 27.  Phosphate levels (mg/L of PO4-P) in shallow and deep wells at wetlands during the 
two sampling events. 
 Wetlands 
Shallow Wells Linder Lindau Moger Harms Greenhead Bluebill Hidden Marsh 
July-09 0.27 <0.10 0.46 1.09 0.78 0.67 0.57 
Mar-10 0.12 <0.10 0.33 1.04 0.73 0.62 0.73 
Deep Wells   
July-09 <0.10 <0.10 <0.10 0.43 0.47 0.37 0.48 
Mar-10 <0.10 <0.10 0.3 0.34 0.32 0.43 0.4 
 <0.10 means the sample is below the lab detection limit 
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Table 28.  Atrazine, DEA, DIA (ppb) and ratios for groundwater. 
July Atrazine DEA DIA DAR 
LR-1A 0.09 0.35 <0.10 3.89 
H-1A  <0.05 0.12 <0.10   
M-1A 0.28 0.24 <0.10 0.86 
GH-1A 0.14 0.16 <0.10 1.14 
BB-1A <0.05 0.21 <0.10   
HM-1A 0.20 0.17 <0.10 0.85 
March   
LR-1A <0.05 0.09 <0.10   
LU-1A <0.05 0.23 <0.10   
H-1A <0.05 0.09 <0.10   
M-1A 0.24 0.21 0.11 0.88 
GH-1A <0.05 0.11 0.16   
HM-1A 0.18 0.16 <0.10 0.89 
HM-1B 0.05 0.12 <0.10 2.40 
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2. Surface water 
Nitrate and ammonia were found in some, but not all of the wetlands, and they 
were found at different times throughout the year.  Table 29 presents the nitrate 
concentrations in the wetlands during the study months.  At Linder, nitrate levels were 
2.57 and 3.65 mg/L in April and May 2009 and then 1.16 mg/L in March 2010 (Table 
29).  At Moger, there was a nitrate peak (1.49 mg/L) in August 2009 (Table 29).  At 
Greenhead, there was a spike in nitrate (4.04 mg/L) in October 2009 (Table 29).  Table 
30 presents the ammonia levels in the wetlands over the study period.  At Linder there 
was 0.6 mg/L or less ammonia in 2009, but in the spring 2010, ammonia was highest (0.9 
mg/L) in March and decreased through May (Table 30).  At Lindau, there is an ammonia 
spike (1.48 mg/L) in October 2009 (Table 30).  At Moger, there is an ammonia peak 
(3.33 mg/L) in June 2009 (Table 30). Greenhead shows ammonia spikes of 1.24 and 1.34 
mg/L in July and August 2009, respectively (Table 30).  The phosphate concentrations in 
the wetlands ranged from below the detection limit (<0.10 mg/L) to 3.36 mg/L (Table 
31).  The highest phosphate concentrations (3.36 mg/L) were found at Lindau in 
September 2009 (Table 31).  
Of the 24 pesticides assayed in the water samples, 9 herbicides were found in the 
surface waters during different months.  All of the herbicides found in the water at each 
wetland are presented in Tables 32-39.  The herbicides found in the waters at the highest 
concentrations were atrazine and metolachlor.  Atrazine concentrations ranged from 
below the detection limit (<0.05 ppb) to 10.3 ppb.  In 2009, atrazine concentration peaked 
in May at Lindau and Moger, in June at Griess and Hidden Marsh, and in July at Linder 
and Greenhead.  In 2010, Linder had an atrazine concentration peak in March.  All the 
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rest of the wetlands had increasing concentrations through the spring and had the largest 
concentrations of atrazine in April 2010.  At Linder both of the atrazine peaks are above 
the MCL for drinking water.  The peak in March 2010 is significantly larger than the 
peak in July 2009.  At Lindau, the atrazine spike is larger in 2009 than in 2010.  The 
concentrations of metolachlor ranged from below the detection limit (<0.05 ppb) to 1.61 
ppb.   
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Table 29.  Nitrate levels (mg/L of NO3-N) for the surface water of the 
wetlands throughout the sampling period.   
 Wetlands 
Month Linder Lindau Moger Harms Greenhead Griess Bluebill 
Hidden 
Marsh 
Apr-09 2.57 0.15 <0.10 <0.10 <0.10 0.1 <0.10 <0.10 
May-09 3.65 <0.10 <0.10 * <0.10 0.12 <0.10 * 
Jun-09 <0.10 <0.10 <0.10 * <0.10 <0.10 * * 
Jul-09 <0.10 <0.10 <0.10 * <0.10 * * * 
Aug-09 0.55 <0.10 1.49 * <0.10 * * * 
Sep-09 <0.10 <0.10 <0.10 * <0.10 <0.10 <0.10 * 
Oct-09 <0.10 <0.10 <0.10 * 4.04 <0.10 <0.10 * 
Nov-09 <0.10 <0.10 <0.10 * <0.10 <0.10 <0.10 <0.10 
Mar-10 1.16 0.22 <0.10 <0.10 0.46 0.45 <0.10 <0.10 
Apr-10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 
May-10 <0.10 <0.10 <0.10 <0.10 0.13 <0.10 <0.10 <0.10 
 <0.10 means that the nitrate in the sample was below the lab detection limit 
 * no sample 
 
 
Table 30.  Ammonia levels (mg/L of NH4
+-N) for the surface water at the 
wetlands throughout the sampling period.  
 Wetlands 
Month Linder Lindau Moger Harms Greenhead Griess Bluebill 
Hidden 
Marsh 
May-09 0.06 0.12 <0.05 * <0.05 * * * 
Jun-09 <0.05 <0.05 3.33 * <0.05 <0.05 * * 
Jul-09 0.06 0.17 0.09 * 1.24 * * * 
Aug-09 <0.05 0.11 0.82 * 1.34 * * * 
Sep-09 <0.05 <0.05 <0.05 * <0.05 <0.05 <0.05 * 
Oct-09 <0.05 1.48 <0.05 * 0.33 <0.05 <0.05 * 
Nov-09 <0.05 <0.05 <0.05 * <0.05 <0.05 <0.05 <0.05 
Mar-10 0.9 0.22 <0.05 <0.05 0.59 2.4 0.06 <0.05 
Apr-10 0.28 0.07 0.07 0.08 0.05 0.06 0.11 0.13 
May-10 0.14 0.093 0.071 0.122 0.384 0.121 0.084 0.055 
 <0.05 means that the ammonia in the sample was below the lab detection limit 
 * no sample 
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Table 31.  Phosphate levels (mg/L of PO4-P) at the wetlands over the sampling 
period.  
  Wetlands 
Month Linder Lindau Moger Harms Greenhead Griess Bluebill 
Hidden 
Marsh 
Apr-09 <0.10 0.39 0.33 0.22 0.25 <0.10 <0.10 0.43 
May-09 0.13 0.31 1.03 * 0.5 0.38 0.66 * 
Jun-09 0.19 1.67 1.07 * 0.92 0.36 * 0.28 
Jul-09 0.78 2.62 1.82 * 0.36 * * * 
Aug-09 0.31 2.82 <0.10 * 0.1 * * * 
Sep-09 0.15 3.36 0.94 * 0.28 1.75 2.18 * 
Oct-09 0.15 1.51 0.32 * 0.5 0.7 0.78 * 
Nov-09 1.07 1.62 0.25 * <0.10 0.5 0.53 1 
Mar-10 1.96 1.43 0.56 0.62 0.46 1.28 0.26 0.64 
Apr-10 0.85 1.56 1.19 1.11 0.34 1.24 0.47 0.43 
May-10 0.28 1.23 0.94 0.96 0.48 1.22 0.3 0.56 
 <0.10 means that the phosphate in the sample was below the lab detection limit 
 * no sample 
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Table 32.  Surface water herbicides (ppb) at Linder.   
Date Acetoclor Atrazine DEA DIA Dimethenamid Metolachlor Propazine 
Apr-
09 0.11 0.21 <0.05 <0.10 <0.05 0.06 <0.05 
May-
09 0.08 1.03 0.22 <0.10 <0.05 0.73 <0.05 
Jun-
09 <0.05 1.42 0.57 0.39 <0.05 0.26 <0.05 
Jul-09 <0.05 4.64 1.41 0.93 0.27 0.28 0.08 
Aug-
09 <0.05 0.87 0.59 0.26 <0.05 <0.05 <0.05 
Sep-
09 <0.05 0.36 0.35 0.13 <0.05 1.18 <0.05 
Oct-
09 <0.05 0.17 0.14 <0.10 <0.05 <0.05 <0.05 
Nov-
09 <0.05 0.07 <0.05 <0.10 <0.05 <0.05 <0.05 
Mar-
10 <0.05 10.30 0.70 0.27 <0.05 <0.05 0.12 
Apr-
10 <0.05 9.56 1.00 0.47 <0.05 <0.05 0.10 
May-
10 <0.05 5.15 1.27 0.74 0.18 0.23 0.08 
 
 
Table 33.  Surface water herbicides (ppb) at Lindau.   
Date Acetoclor Atrazine DEA DIA Dimethenamid Metolachlor Propazine 
Apr-
09 0.08 0.53 0.08 <0.10 <0.05 0.06 <0.05 
May-
09 <0.05 2.5 0.45 0.33 0.46 1.61 0.05 
Jun-
09 0.15 2.13 0.93 <0.10 0.29 0.52 <0.05 
Jul-09 <0.05 0.35 0.25 <0.10 <0.05 <0.05 <0.05 
Aug-
09 <0.05 0.1 0.07 <0.10 <0.05 <0.05 <0.05 
Sep-
09 <0.05 0.06 <0.05 <0.10 <0.05 <0.05 <0.05 
Oct-
09 <0.05 0.1 <0.05 <0.10 <0.05 <0.05 <0.05 
Nov-
09 <0.05 0.05 <0.05 <0.10 <0.05 <0.05 <0.05 
Mar-
10 <0.05 <0.05 <0.05 <0.10 <0.05 <0.05 <0.05 
Apr-
10 <0.05 0.05 <0.05 <0.10 <0.05 <0.05 <0.05 
May-
10 0.07 0.54 0.12 <0.10 0.13 0.35 <0.05 
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Table 35.  Surface water pesticides (ppb) at Harms. 
Date Acetoclor Atrazine DEA Dimethenamid Metolachlor 
Apr-
09 0.07 0.17 <0.05 <0.05 <0.05 
Mar-
10 <0.05 <0.05 <0.05 <0.05 <0.05 
Apr-
10 <0.05 <0.05 <0.05 <0.05 <0.05 
May-
10 0.13 0.6 0.21 0.08 0.34 
 
 
Table 36.  Surface water pesticides (ppb) and atrazine ratios at 
Greenhead. 
Date Acetoclor Atrazine DEA DIA Metolachlor Propazine 
Apr-
09 0.07 0.12 0.06 <0.10 <0.05 <0.05 
May-
09 0.1 0.59 0.13 <0.10 0.36 <0.05 
Jun-
09 <0.05 1.41 0.42 0.24 0.23 <0.05 
Jul-09 <0.05 3.31 3.24 0.46 <0.05 0.05 
Aug-
09 <0.05 0.1 0.11 <0.10 <0.05 <0.05 
Sep-
09 <0.05 0.3 0.54 0.22 0.09 <0.05 
Oct-
09 <0.05 0.06 <0.05 <0.10 <0.05 <0.05 
Nov-
09 <0.05 <0.05 <0.05 <0.10 <0.05 <0.05 
Mar-
10 <0.05 0.06 0.07 <0.10 0.08 <0.05 
Apr-
10 <0.05 0.06 0.08 <0.10 0.06 <0.05 
May-
10 0.18 0.35 0.09 <0.10 0.28 <0.05 
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Table 37.  Surface water herbicides (ppb) at Griess. 
Date Acetoclor Atrazine DEA DIA Dimethenamid Metolachlor Propazine 
Apr-
09 0.09 0.21 0.06 <0.10 <0.05 <0.05 <0.05 
Jun-
09 0.06 3.78 1.64 0.93 0.05 1.44 0.06 
Sep-
09 <0.05 0.09 0.09 <0.10 <0.05 0.14 <0.05 
Oct-
09 <0.05 0.07 0.06 <0.10 <0.05 0.05 <0.05 
Nov-
09 <0.05 0.05 <0.05 <0.10 <0.05 <0.05 <0.05 
Mar-
10 <0.05 <0.05 <0.05 <0.10 <0.05 <0.05 <0.05 
Apr-
10 <0.05 <0.05 <0.05 <0.10 <0.05 <0.05 <0.05 
May-
10 0.08 0.59 0.08 <0.10 <0.05 0.52 <0.05 
 
Table 38.  Surface water herbicides (ppb) at Bluebill. 
Date Acetoclor Atrazine DEA DIA Metolachlor 
Apr-09 0.19 0.27 0.07 <0.10 0.10 
Sep-09 <0.05 0.10 0.14 <0.10 0.11 
Oct-09 0.26 0.08 0.06 <0.10 <0.05 
Nov-09 <0.05 <0.05 <0.05 <0.10 <0.05 
Mar-10 <0.05 <0.05 <0.05 <0.10 <0.05 
Apr-10 <0.05 <0.05 <0.05 <0.10 <0.05 
May-10 0.15 0.71 0.27 0.26 0.41 
 
Table 39.  Surface water herbicides (ppb) at Hidden Marsh. 
Date Acetoclor Atrazine DEA DIA Dimethenamid Metolachlor 
Apr-09 0.08 0.2 0.05 <0.10 <0.05 <0.05 
Jun-09 0.05 2.23 0.9 0.61 0.06 1.32 
Nov-09 <0.05 0.09 <0.05 <0.10 <0.05 <0.05 
Mar-10 <0.05 <0.05 <0.05 <0.10 <0.05 <0.05 
Apr-10 <0.05 <0.05 <0.05 <0.10 <0.05 <0.05 
May-10 0.09 0.88 0.22 <0.10 <0.05 0.54 
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VI. Discussion  
A. Major Ion Chemistry 
 Temporal monitoring shows that each wetland goes through different chemical 
evolutions during different parts of the year.  Many of the wetlands had 
sodium/potassium-bicarbonate signatures in the early spring months, and would evolve to 
other water types in different months.  Most wetlands also had higher TDS from June to 
August 2009.  Spatial monitoring shows that the wetlands are not regionally chemically 
homogeneous.  Some wetlands are primarily calcium-bicarbonate signatures and others 
are primarily potassium-bicarbonate signatures.  It is hard to determine what the 
geochemistry of each wetland is by only visual observation.  Water samples must be 
taken for wetlands throughout the RWB to determine the geochemistry of each wetland.  
It is also difficult to tell if the wetlands chosen in this study are geochemically 
representative of all the RWB wetlands.  It seems each wetland in the RWB has its own 
individual geochemical signature. 
 The groundwater typically had calcium-bicarbonate signatures, except for the 
shallow well waters at Hidden Marsh that had a calcium-sulfate signature.  The waters at 
the deep well from Hidden Marsh evolved from a calcium-bicarbonate signature in the 
summer of 2009 to a calcium-sulfate signature in the spring of 2010. 
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B. Evaporation Dynamics 
Evaporation dynamics in the RWB wetland surface waters can be characterized 
by examining changes in their deuterium and oxygen-18 isotope composition over time.  
Plots of δ18O versus δ2H can be used to determine water sources and identify effects of 
evaporation (Craig, 1961).   Global precipitation has δ18O and δ2H compositions that plot 
along a line called the global meteoric water line (GMWL).  This line is defined by the 
equation: δ2H = 8(δ 18O) + 10 (Craig, 1961).  If sampled water has an isotopic 
composition that plots on or near the GMWL, the water is derived from precipitation with 
no evaporative modification.  In contrast, if sampled water has an isotopic composition 
that plots to the right and/or below the GMWL, then the water has been impacted by 
evaporation.  The greater the evaporation, the farther right of the line the isotopic water 
composition will plot.  Local water lines also exist to show a better representation of local 
precipitation.  In Nebraska, two such lines have been determined.  These two lines are the 
North Platte meteoric water line (NPMWL), west of the study area (Harvey and Welker, 
2000), and the Mead meteoric water line (MMWL), east of the study area (Harvey, 
2001).  The NPMWL is defined by the equation: δ 2H = 7.66(δ 18O) + 4.96 (Harvey and 
Welker, 2000).  The MMWL is defined by the equation: δ 2H = 7.4(δ 18O) + 7.33 
(Harvey, 2001).  Figure (42a) displays the isotopic composition of precipitation in the 
region from the North Platte and Mead monitoring sites, along with the MWL derived 
from these precipitation data.  The isotopic composition values for precipitation in this 
figure represent a range of common deviations from the MWL.  Figure (42b) displays the 
isotopic compositions for waters sampled within the RWB.  The points in this figure 
which range farther to the right than the common precipitation variation from the MWL 
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represented in Figure (42a) clearly show evaporation of the waters while ponded in the 
wetlands.    
Figure (43) shows the δ18O versus δ2H signatures for the study surface waters 
arranged by sampling month.  Appendix B shows the δ18O versus δ2H signatures for each 
wetland, displaying the points for each sampling month.  The Global, Mead and North 
Platte meteoric water lines (MWLs) are also plotted for reference.  Evaporation is 
displayed at the wetlands when the isotopic signatures of the sampled waters plot below 
and to the right of the MWL and farther right than the common precipitation values 
(Figure 42a) on the oxygen-18 versus deuterium graph (Figure 43).  By examining how 
the isotopic compositions of the wetlands plot each month of the sampling period, as well 
as the precipitation data for each month, the story of the wetland evaporation dynamics 
begins to emerge.  The isotopic signatures of the waters are shifted towards the MWLs 
when there was the addition of rain to the wetlands with precipitation events occurring 
before the April, June, September and November sampling events in 2009 (Figure 43).  
The other sampling months in 2009, display waters with isotopic signatures that represent 
evaporation (Figure 43).  The waters plot further up or to the right on the line (heavier 
isotopic signatures) during warmer months and further down or to the left of the line 
(lighter isotopic signatures) during colder months.  The lightest isotopic compositions are 
during the March 2010 sampling, when waters are affected by the influx of snow melt 
and early spring rains, causing the water signatures to plot on the MWL (Figure 43).  
Throughout the rest of the sampling months in the spring of 2010, the water signatures all 
plot to the right of the MWL, indicating that evaporation has impacted the waters (Figure 
43). 
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In addition to changes in the water’s isotope composition, evaporation will also 
increase the total dissolved sold (TDS) concentration in the surface water over time 
(assuming mineral precipitation does not occur).  Since the wetlands were observed to 
lose water between two successive sampling months, evaporation could be causing a 
concentration effect on the ions in the surface water.  Other possibilities for increasing 
ion concentrations could be from dissolution of minerals or in-washing of additional 
dissolved ions.  If ions (especially chloride, which behaves conservatively in most natural 
waters) become highly concentrated in the wetland, during a time of decreased water 
volume, evaporation may be the reason for the increase in ion concentrations.  This 
evaporation-increased ion concentration can be identified by comparing the water’s 
dissolved chloride concentrations to its stable isotope composition.  Increases in the 
chloride concentration of surface waters accompanied by a concurrent shift in its isotopic 
signature to the right of the MWL suggest an evaporation driven concentration effect.  
Thus, if such evaporative concentrations are observed, it is an indication that the 
observed water loss at the surface is not due to infiltration alone.   
Surface waters at Greenhead display this evaporative enrichment as they had high 
chloride concentrations and enriched δ18O values in July and August 2009 (Figure 44).  
During these months, the waters also shifted their chemical composition to become 
sodium-chloride waters with high TDS values.  The high values of chloride, δ18O and 
TDS, along with the low water volumes at this wetland indicate evaporation-increased 
ion concentrations. 
The other study wetlands do not show this evaporative enrichment as clearly as 
the waters at Greenhead.  At most wetlands, high TDS values correlated with the largest 
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chloride and δ18O values, however, dry periods in the wetlands had an effect on these 
relationships.  Waters at Hidden Marsh, Harms, Griess and Bluebill have waters with the 
highest δ18O values and chloride concentrations in the months before they became dry 
(Figures 45-48).  Surface waters at Bluebill and Lindau display evaporative enrichment in 
May 2009.  The waters at these wetlands had a high concentration of chloride with a high 
value for oxygen-18 (Figures 48-49), presenting an evaporation-effect ion concentration 
in the wetland.  Linder and Moger had higher TDS values from August to November 
2009, correlating with increased chloride concentrations (Figures 50-51).  The δ18O 
values show variations because of fall rain events.  The fall rain events in 2009 greatly 
affected δ18O values and chloride concentrations at each wetland, as both these values 
could decrease with inputs from precipitation.  
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Figure 42.  a) δ18O versus δ2H signatures for precipitation and the meteoric water lines 
(MWL) at the North Platte and Mead sampling sites from (Harvey and Welker, 2000) and 
(Harvey, 2001). b) δ18O versus δ2H signatures for surface and groundwaters sampled in 
the RWB study area along with the North Platte and Mead weighted means and the North 
Platte, Mead and Global MWLs.
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Figure 43.   δ18O versus δ2H signatures for surface waters sampled at the Rainwater 
Basin study wetlands organized by month along with the Mead, North Platte and Global 
meteoric water lines.
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Figure 44. Relationship between chloride concentrations and δ18O values for the waters 
sampled at Greenhead. 
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Figure 45. Relationship between chloride concentrations and δ18O values for the waters 
sampled at Hidden Marsh. 
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Figure 46. Relationship between chloride concentrations and δ18O values for the waters 
sampled at Harms. 
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Figure 47. Relationship between chloride concentrations and δ18O values for the waters 
sampled at Griess. 
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Figure 48. Relationship between chloride concentrations and δ18O values for the waters 
sampled at Bluebill. 
 
Apr-09
May-09
Oct-09
Nov-09
Mar-10 Apr-10
Jun-09
Jul-09
Aug-09
Sep-09
May-100
10
20
30
40
50
60
70
80
-14 -12 -10 -8 -6 -4 -2 0 2
δ18O ‰ VSMOW
C
h
lo
ri
d
e 
(m
g
/L
)
 
Figure 49. Relationship between chloride concentrations and δ18O values for the waters 
sampled at Lindau. 
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Figure 50. Relationship between chloride concentrations and δ18O values for the waters 
sampled at Linder. 
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Figure 51. Relationship between chloride concentrations and δ18O values for the waters 
sampled at Moger. 
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C. Agricultural Nutrients 
 Nutrients in surface and groundwater are highly variable and can come from a 
wide variety of sources.  Sources of phosphorous include: weathering of apatite minerals, 
fertilizers, organic residues on soils, and phosphorous detergents (Engberg and Spalding, 
1978).  Sources of nitrate include: bacterial activity and the growth of certain plants, 
which remove nitrogen from the air and fix it in soils, barnyards and feedlots, septic 
systems, fertilizers, and waste from animals (Engberg and Spalding, 1978).  
 
1. Surface water 
Phosphorous concentrations are highly variable in surface waters, where 
photosynthetic algae utilize phosphorous as an essential nutrient (Engberg and Spalding, 
1978).  Nitrogen concentrations are also highly variable in surface waters.  Nitrogen 
appears in different oxidation states in wetlands, and can be affected by many different 
types of plants and bacteria.  Fertilizers have doubled the amount of nitrogen entering the 
land-based nitrogen cycle (Mitsch and Gosselink, 2007), so these fertilizers are an 
important influence on surface water nutrients. 
In Nebraska, nitrogen fertilizers, in the form of anhydrous ammonia, are typically 
applied to fields in late fall and/or early spring (Farming Practices Study, 1996).  Thus, it 
was expected that the highest nitrate concentrations in surface waters would be observed 
in the late fall or early spring corresponding with the application time.  Peak 
concentrations of nitrates occur as expected in the waters at Linder, Griess, Lindau and 
Greenhead (Figures 52-55).   
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In the water at Moger, the highest concentration of ammonia was found in June 
2009, and the highest concentration of nitrate was found in August 2009 (Figure 56).  
These concentration peaks did not correlate with the common application times of 
nitrogen fertilizers.  At Moger, the nitrogen species in the waters might be increasing due 
to the previously discussed concentration effect, because they occur during times where 
surface water volumes were the smallest.  The other wetlands that have water present 
from June to August 2009 (Linder, Lindau, Greenhead) also have corresponding 
concentrations of either nitrate or ammonia above the detection limit during this period 
(Figures 52,54,55).  The summer months (June to August) are when large amounts of 
evaporation occur, so all of these waters could have nitrogen species present from a 
concentration effect.   
Groundwater nitrate concentrations across Nebraska range from below the 
detection limit to 200 mg/L (Engberg and Spalding, 1978).  So, another explanation for 
these elevated surface water values is that summer irrigation was bringing groundwater 
with higher levels of nitrate to the surface, and these concentrations were in turn affecting 
the surface water concentrations.  Other possible explanations for the higher levels of the 
nitrogen species may include: the low dissolved oxygen levels, causing a decrease in the 
nitrification process; addition from animal waste (cows were permitted to graze in the 
wetlands throughout the year, and birds were frequently observed in the wetlands); or 
other biogeochemical processes not studied in this research.   
The remaining wetlands (Harms, Bluebill, and Hidden Marsh) do not have any 
detectable nitrogen species present within the waters in 2009, and only have trace 
amounts of ammonia in the spring of 2010 (Figures 57-59).  These three wetlands were 
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dry throughout much of the sampling period in 2009, so the nitrogen species 
concentrations are low and the phosphate concentrations in these wetlands vary similarly. 
At most of the wetlands, the phosphate concentrations in the waters correlate well 
with wetland water volumes.  This makes sense as phosphate is usually transported via 
attachment to suspended sediments and thus should move along with the sediment carried 
in the runoff that drains nearby fields and fills the wetland to make the water volume 
increase (Woltemade, 2000; Mitch and Gosselink, 2007). 
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Figure 52. Components of redox reactions for nutrients in waters sampled at Linder. 
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Figure 53. Component of redox reactions for nutrients in waters sampled at Griess. 
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Figure 54. Components of redox reactions for nutrients in waters sampled at Lindau. 
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Figure 55.  Components of redox reactions for nutrients in waters sampled at Greenhead. 
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Figure 56. Components of redox reactions for nutrients in waters sampled at Moger. 
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Figure 57. Components of redox reactions for nutrients in waters sampled at Harms. 
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Figure 58. Components of redox reactions for nutrients in waters sampled at Bluebill. 
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Figure 59. Components of redox reactions for nutrients in waters sampled at Hidden 
Marsh. 
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2. Groundwater 
Nitrate is the most stable form of nitrogen occurring in groundwater (Engberg and 
Spalding, 1978).  Studies show that nitrate-nitrogen concentrations are greater than 10 
mg/L in the Platte River Valley, north of the RWB (Exner and Spalding, 1976, Engberg 
and Spalding, 1978).  These concentrations could be contributing to the high 
concentrations in the groundwaters of the RWB region because groundwater flow is 
generally from northeast to southwest in this region of Nebraska (Figure 60).  Nitrate 
concentrations in the groundwater are higher than the nitrate concentrations in the surface 
waters.  The maximum concentration of nitrate found in the groundwater was 18.4 mg/L, 
while the maximum concentration of nitrate found in the surface water was 4.04 mg/L.   
The much lower concentrations of nitrate in the surface waters could indicate the wetland 
nitrate levels are not the only contributor to the groundwater nitrate levels. 
The deep well waters have lower concentrations of nitrate than the shallow wells, 
except at Lindau, which does not have nitrate present above the detection limit in waters 
at the deep or shallow wells during either sampling period (Figure 61).  The shallow 
wells have nitrate concentrations above the MCL, so if shallow groundwater in the region 
is being used for drinking water, this high concentration could be a concern. 
The shallow groundwater nitrate concentrations increase during the second 
sampling period in the eastern part of the basin, except Moger, and also decreased in the 
western part of the basin at Linder.  The deep groundwater nitrate concentrations all 
decrease from the first to the second sampling periods except at Hidden Marsh.  The 
groundwater concentrations could be decreasing due to the processes of denitrification, 
where nitrates are converted to nitrogen gas (Mitsch and Gosselink, 2007).  The 
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groundwater nitrate concentration in the deep well at Hidden Marsh could be increasing 
from nitrates coming from the shallow groundwater as the groundwater flow direction is 
downward, as described in the drill core results section. 
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Figure 60.  Water table from 1995 data in the Rainwater Basin region. Modified from 
SNR (2010).
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Figure 61.  Nitrate concentrations in deep and shallow groundwater from wells installed 
at sampling wetland sites from summer 2009 and spring 2010 sampling events. 
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D. Agricultural Pesticides 
1. Surface Water 
In the surface waters at Lindau and Moger, the concentrations of the commonly 
applied herbicides atrazine and metolachlor peak in May 2009 (Figures 62-63).  This 
observation is consistent with the expectations as herbicide application across the region 
typically occurs in late April to early May (Farming Practices Study, 1996).  As the 
atrazine was held in the wetland waters, it decayed to DEA, and therefore, the DEA peak 
occurred a month later, in June 2009 (Figures 62-63).  All of the herbicide concentrations 
continued to decay as they were held in the wetlands, until they dropped below the 
minimum detection limit.  Interestingly, the concentrations of all of the herbicides in the 
waters at Moger peaked again in October 2009 (Figure 63).  Assuming that this observed 
“spike” in concentration peak did not result from a second fall application of the 
herbicide (not a typical occurrence across this region), it must have resulted from some 
other source. One possibility is that fall precipitation caused another large runoff event 
into the wetland which carried a large concentration of residual herbicides that had been 
effectively “stored” in the nearby fields.  The peak of both atrazine and its degradates 
occurred together suggesting that the atrazine degraded as it was held on the agricultural 
fields.  When the runoff event occurred, atrazine and its degradates ran off into the 
wetland together. 
 In the waters at Greenhead and Linder, the concentrations of all of the herbicides 
peaked together in July 2009 (Figures 64-65).  These peaks occurred after the usual April 
and May herbicide application period.  It should also be noted that unlike what was 
observed at Moger, in this instance, DEA concentrations peaked along with the atrazine 
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concentrations.  At these wetlands, the runoff event that brought the herbicides into the 
wetland did not occur until the atrazine has already degraded into DEA on the field.  
Before sampling occurred in July 2009, either a rain event or runoff from irrigation 
caused all of the herbicides to runoff into the wetland together.  The waters at Greenhead 
also have herbicide concentration peaks in September 2009 (Figure 64), similar to the 
observed October 2009 concentration peaks at Moger, that were attributed to fall rain 
events.   
In March 2010, the waters at Linder had the highest concentration of atrazine 
(10.3 ppb) found in any of the wetland waters (Figure 65).  The March sampling took 
place before atrazine would have typically been applied, so there are a couple of different 
possibilities for why the concentration of atrazine is so high.  One, the higher level could 
result from an early application or spill of atrazine close to the wetland.  A second 
possibility is that the atrazine accumulated as windblown silt/soil in nearby 
irrigation/drainage ditches throughout the winter, and was subsequently transported into 
the wetland with the influx of snowmelt in early spring (Schottler et al., 1994).  
Throughout the rest of the spring of 2010, atrazine degraded to DEA and DIA (Figure 
65).   
Harms, Griess, Bluebill and Hidden Marsh all dried out at different times during 
the 2009 sampling period, so herbicide peaks could not be correlated with application 
times.  Griess and Hidden Marsh waters both have high concentrations of all the 
herbicides in June 2009 (Figures 66-67).  Bluebill waters have the highest concentrations 
of atrazine in April 2009 and the highest concentrations of DEA in September 2009, so 
this shows atrazine is degrading to atrazine from May to August 2009; even though the 
140 
wetland was dry (Figure 68).  All of the herbicides concentrations also increased from the 
early spring 2010 sampling events to the sampling event in May 2010 at Bluebill (Figure 
68).
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Figure 62.  Herbicides present in surface waters sampled at Lindau.  Herbicide samples 
below the detection limit were displayed as half the detection limit because this is the 
commonly accepted method (Spalding, personal communication, 2010). 
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Figure 63. Herbicides present in surface waters sampled at Moger. Herbicide samples 
below the detection limit were displayed as half the detection limit because this is the 
commonly accepted method (Spalding, personal communication, 2010). 
143 
0
2.5
P
re
ci
p
 (
in
)
0
1
2
3
4
A
tr
az
in
e,
 M
et
o
la
ch
lo
r 
(p
p
b
)
0
1
2
3
4
D
E
A
, D
IA
 (p
p
b
)
Atrazine
Metolachlor
DEA
DIA
 
Figure 64.  Herbicides present in the surface waters sampled at Greenhead. Herbicide 
samples below the detection limit were displayed as half the detection limit because this 
is the commonly accepted method (Spalding, personal communication, 2010). 
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Figure 65. Herbicides present in the surface waters sampled at Linder. Herbicide samples 
below the detection limit were displayed as half the detection limit because this is the 
commonly accepted method (Spalding, personal communication, 2010). 
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Figure 66.  Herbicides present in the surface waters sampled at Griess. Herbicide 
samples below the detection limit were displayed as half the detection limit because this 
is the commonly accepted method (Spalding, personal communication, 2010). 
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Figure 67. Herbicides present in the surface waters sampled at Hidden Marsh. Herbicide 
samples below the detection limit were displayed as half the detection limit because this 
is the commonly accepted method (Spalding, personal communication, 2010). 
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Figure 68. Herbicides present in the surface waters sampled at Bluebill. Herbicide 
samples below the detection limit were displayed as half the detection limit because this 
is the commonly accepted method (Spalding, personal communication, 2010). 
148 
2. Groundwater 
 The sampled groundwater had much lower atrazine levels than those found in the 
surface waters (Figure 69).  The highest concentration of atrazine in the groundwater was 
0.28 ppb, while the highest concentration in the surface water was 10.3 ppb.  Atrazine 
concentrations were below the detection limit in the waters of all the deep wells except 
for the deep well at Hidden Marsh during the sampling event in the spring of 2010.  
Regional groundwater in Nebraska has atrazine levels ranging from 0.01 to 1 ppb (Exner 
and Spalding, 1990).  In many of groundwater samples from this study, only the 
degradation products of atrazine were found above the detection limit, showing that 
atrazine has probably degraded before reaching the groundwater (Figure 69) because its 
decomposition half-life in groundwater is very long, from months to years.   
 The deethylatrazine-to-atrazine ratio or DAR represents the amount of atrazine 
converted to DEA.  Adams and Thurman (1991) first explained how DAR could be used 
to indicate point-source versus non-point source groundwater contamination by atrazine.  
Atrazine is mainly converted to DEA by the metabolic activity of soil bacteria and fungi.  
A DAR greater than 1 indicates the conversion of atrazine to DEA by soil 
microorganisms has occurred.  In contrast, a DAR of less than 1 indicates that atrazine 
has not had sufficient contact with soil to undergo decay into DEA.  This low DAR could 
show direct-entry of atrazine into an aquifer via a conduit.     
 Where atrazine is present, and the DAR ratio can be calculated, DAR values in 
the study groundwaters are mostly above 1 (Figure 70).  Shallow groundwater DAR 
values are below 1 at Bluebill and Hidden Marsh for both sampling events (Figure 70).  
Wilson (2010) presented data showing the majority of infiltration in the wetlands occurs 
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through mud cracks.  These mud cracks could act as a conduit to get the surface waters 
through the top few feet of clay beneath the wetlands.  The mud cracks could then 
connect to other natural conduits in the stratigraphy beneath the wetlands, and surface 
water could recharge groundwater.  The low DAR values could be due to quick 
infiltration to the groundwater through conduits beginning with surface mud cracks. 
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Figure 69. Atrazine and degradate concentrations in groundwater sampled from wells 
installed at study wetland sites for sampling events in the summer of 2009 and the spring 
of 2010.
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Figure 70.  Atrazine, DEA, and DAR values for groundwater sampled from wells 
installed at study wetland sites for sampling events in the summer of 2009 and the spring 
of 2010. 
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E. Qualitative evidence of recharge to groundwater 
Some of the study groundwaters plot below and to the right of the MWLs and 
outside of the range of precipitation scatter, indicating that they have been impacted by 
evaporation at or near the surface (Figure 71).  This suggests the possibility that 
evaporated surface waters originating in the region’s wetlands might be recharging the 
shallow groundwater.  However, without more detailed study to trace actual water 
movement vertically from the wetlands to the underlying water table, this cannot be 
confirmed.  Appendix C shows the δ18O versus δ2H signatures for the deep and shallow 
groundwater at each wetland separated by sampling month.   
 
F. Groundwater Age Dating 
 “Age dating” of a groundwater (or determining the time since recharge or 
residence time in the aquifer) is performed on the groundwater samples to determine if 
the water in the aquifer is being recharged from modern precipitation, or if the waters are 
ancient.  If the waters are coming from modern precipitation, then they could also contain 
dissolved modern contaminants that would reach the aquifer as the surface water 
infiltrates across the soil column on its journey to the water table.  Agricultural 
contaminants can negatively impact the groundwater chemistry.  If the waters are older, 
then modern contaminants are less likely to affect the groundwater quality, and an older 
recharge age indicates that groundwaters that are being pumped to the surface for 
irrigation are not being replaced in the aquifer in a timely manner.   
In Nebraska, tritium concentrations in the atmosphere were monitored by the 
International Atomic Energy Agency (IAEA) from the mid 1960s until 1986 (Figure 72).  
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In North America, the most complete atmospheric tritium record was obtained at Ottawa, 
Ontario, Canada (Figure 72) beginning in the early 1950s.  The similarities in the later 
portions of the curve suggest that the Ottawa record can be used to represent tritium 
levels across Nebraska prior to the Lincoln sampling period (IAEA, 1992).  This tritium 
record can be used to “age date” groundwaters with detectable tritium values in the 
RWB. 
Figure (73) shows a map of detectable tritium groundwater concentrations 
collected from the deep and shallow wells.  Shallow groundwaters had higher tritium 
concentrations than the deeper groundwaters.  The water from the deep wells at Linder, 
Harms, Moger and Hidden Marsh had tritium concentrations of <0.08 TU (the detection 
limit), indicating that they were recharged prior to the 1950s (Clark and Fritz, 1997).  
Measured tritium values of 0.8 to approximately 4 TU indicate a mix of submodern and 
recent recharge (Clark and Fritz, 1997).  LU-1A, LU-1B, M-1A, GH-1B, GH-1A, H-1A, 
BB-1B and HM-1A all had waters that were a mix of submodern and recent recharge.  
The water from the shallow wells at Bluebill and Linder had concentrations greater than 5 
TU, indicating that they were modern waters (Clark and Fritz, 1997). 
Groundwater samples that did not contain detectable tritium concentrations were 
further analyzed to determine their carbon-14 concentration and their groundwater “age” 
(the estimated time since recharge).  Carbon-14 shows groundwater “age” as the elapsed 
time since the water infiltrated deep enough into the saturated zone to become isolated 
from atmospheric CO2 (Harvey et al., 2007).  Dissolution of carbonates along 
groundwater flow paths can add carbon to the water, thus a correction is needed to 
account for the addition of this carbon that is not coming from the atmosphere (Harvey et 
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al., 2007).  The waters were corrected for carbonate dissolution along the flowpath using 
the δ13C mixing method (Clark and Fritz, 1997).   
One sample (BB-1B) which had detectable tritium was also analyzed for carbon-
14 concentration to check for mixing of waters of differing age and to evaluate the 
integrity of the well seal.  The deep well at Linder had the oldest water with an age of 931 
years before present.  The rest of the wells sampled for carbon-14, all had waters that 
were younger than the lower limit of the method of about 300 to 800 years.  The 
groundwater age at Bluebill is consistent with the tritium age date suggesting a mix of old 
and younger waters.  This water mixing also indicates that caution should be used with 
interpreting groundwater carbon-14 ages for the study waters. 
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Figure 71.  δ18O versus δ2H signatures for groundwater sampled from wells installed at 
the Rainwater Basin study wetlands along with the Mead and North Platte weighted 
means and the Mead, North Platte and Global meteoric water lines. 
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Figure 72. Atmospheric tritium levels measured in Lincoln, Nebraska and Ottawa, 
Ontario, Canada (IAEA, 1992).  
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a)
 
b)
 
Figure 73. Tritium values in groundwater sampled from a) deep and b) shallow wells 
installed at study wetland sites. 
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VII. Conclusions 
A. Geochemical Analysis 
 The first objective of this research was to monitor the basic regional, temporal, 
and spatial geochemical variations of surface water (monthly) and groundwater (twice 
during study period) at several representative sites within the Rainwater Basin.  The 
wetlands had variable water volumes, isotopic compositions, ion and nutrient chemistries 
and agricultural contaminants levels throughout the year and, except for a few trends, 
these variations cannot be predicted with certainty year-to-year or wetland-to-wetland.  
The groundwater typically had calcium-bicarbonate signatures, except for the shallow 
well water at Hidden Marsh that had a calcium-sulfate signature.  Water from the deep 
well from Hidden Marsh evolved from a calcium-bicarbonate signature in the summer of 
2009 to a calcium-sulfate signature in the spring of 2010. 
 
B. Evaporation Dynamics 
 Characterizing the surface water evaporation dynamics within the wetlands was 
the second objective of this research.  Evaporation dynamics were analyzed by 
monitoring temporal changes in δ18O and δ2H isotopes relative to local precipitation and 
observing increases in the waters total dissolved solids (TDS) resulting from 
concentration during evaporative loss at each wetland.  As expected, evaporation was a 
contributor to water volume loss, and thus, it did impact water chemistry.  However, it 
could not explain all the water chemical and isotopic differences in the wetlands.  
Evaporation occurred mostly in the late summer (note the higher TDS and heavier 
isotope values), but this evaporation was not the sole source of water loss.   
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C. Agricultural Contaminants 
The third objective of this research was to determine if agricultural contaminants, 
specifically nitrate and atrazine, were present seasonally in surface water and 
groundwater at representative wetland sites across the Rainwater Basin region.  Atrazine 
concentrations are above the MCL (up to 10.3 ppb) in the surface waters, and the nitrate 
concentrations are above the MCL (18.4 mg/L) in the groundwater.  Given the toxicity 
and behavior of these contaminants, there is a potential to negatively impact the wetland 
ecosystems, including migratory birds. 
The amount and timing of when herbicides were found in the wetlands depends 
on many different factors including rainfall, distance from agricultural fields, time 
between herbicides application and sampling, and irrigation frequency and volume.  The 
largest levels of atrazine were usually found in the wetlands in the early spring, 
corresponding with the typical application times.  However, there were some variations 
on when this atrazine concentration peak occurred.   
Atrazine is present in the groundwater, but at lower levels than those found in the 
surface water, so degradation is likely taking place before the atrazine reaches the 
groundwater.  Atrazine concentrations in the groundwater do correlate with regional 
groundwater atrazine concentrations.  This makes it difficult to trace direct connections 
between the groundwater and wetland surface waters.   
However, DAR values suggest atrazine has had sufficient contact with soil to 
undergo decay into DEA, except at Bluebill and Hidden Marsh.  The shallow 
groundwater beneath these wetlands have DAR values less than one, suggesting more 
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direct-entry of atrazine into the aquifer- perhaps via a conduit like the deep mud cracks 
observed across the wetlands during drying periods.   
Agricultural nutrients were present within each wetland most commonly in 
conjunction with the late fall and/or early spring applications of fertilizers.  Ammonia and 
nitrate concentrations mostly dropped below the detection limit during other parts of the 
year, except in July and August, when water volumes were low.  Nutrient cycles 
depended on the biology (plants and animals present) of each wetland, as well as the 
agricultural practices (when fertilizers applied) around each wetland.   
Nitrate concentrations were much higher in the groundwater than in the surface 
waters, so it was difficult to determine how wetland nitrate concentrations impacted the 
groundwater quality.  The high nitrate concentrations in the groundwater appeared to be 
coming from multiple sources (infiltration beneath fields, leaking refuse pits and canals, 
etc.) including these wetlands, and correlate with regional groundwater nitrate 
concentrations.   
 
D. Groundwater Recharge 
The final objective of this research was to identify the presence of groundwater 
recharge to the aquifers beneath the Rainwater Basin study wetland sites by examining 
isotopic compositions and geochemical and agricultural contaminant variations.  
Groundwater tritium concentrations indicate that shallow regional groundwater was a 
mixture of modern (<5-10 years before present) and submodern (older than 1950s) 
recharge.  Shallow groundwaters at Linder and Bluebill had groundwater tritium levels 
that indicate modern recharge.  These modern recharged groundwater tritium ages and 
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DAR values indicate that the shallow groundwater is connected to surface water.  The 
groundwater also had differences in chemical and isotope composition and in some cases, 
increased nitrate concentrations, between the two sampling periods.  These changes 
might indicate connections with surface waters, or they could simply result from 
chemical evolution within the groundwater, which only occur in younger waters that have 
not reached equilibrium.  Without more detailed additional geochemical studies, these 
two processes cannot be adequately resolved. 
 
E. Suggestions for Management 
These wetlands cannot be treated as identical basins because they are very 
different geochemically.  Each wetland behaves differently than its neighboring wetlands, 
and each individual wetland is also different temporally.  Mangers should continue to 
monitor atrazine concentrations in the early spring and observe the effects of the higher 
concentrations on the migrating birds.  Managers should also continue to monitor the 
March atrazine levels at Linder, to determine why the highest concentrations of all the 
wetlands occur before the typical application time. 
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VIII. Recommendations for Future Work 
 Soil cores were collected to analyze for agricultural contaminants in the pore 
water.  The analysis of the pore water in these cores has started for nitrate, ammonia and 
herbicides, but the results were not finished in time to be included in this thesis.  These 
results will help determine if the agricultural contaminants are being transported through 
the unsaturated zone beneath the wetlands.   
 A mass balance for agricultural nutrients and herbicides would help determine 
how much of the applied chemicals are reaching the wetlands.  It would help to know 
how much and what kinds of chemicals were being applied to the farmlands surrounding 
the studied wetlands.  This would give a more complete picture of how agricultural 
contaminants are being transferred through the system. 
 More groundwater samples would also be helpful.  It was thought that the 
groundwater chemistry and isotopes would stay relatively constant throughout the 
sampling period, so they were only sampled twice during the year-long study.  It would 
give a more complete picture of how the groundwater is interacting with the surface 
water if groundwater samples were taken monthly or seasonally.
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Appendix A. Well location data and borehole logs 
 
Appendix A-1. Well locations in decimal degrees. 
Well ID Latitude Longitude 
HM-1A 40.70836 -97.48319 
HM-1B 40.70836 -97.48328 
BB-1A 40.63525 -97.70400 
BB-1B 40.63525 -97.70394 
GH-1A 40.44156 -97.94111 
GH-1B 40.44153 -97.94117 
M-1A 40.48878 -97.99172 
M-1B 40.48883 -97.99172 
H-1A 40.48172 -98.01383 
H-1B 40.48175 -98.01386 
LU-1A 40.40283 -99.04272 
LU-1B 40.40278 -99.04272 
LR-1A 40.54583 -99.53228 
LR-1B 40.54578 -99.53228 
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Appendix A-2. Hidden Marsh borehole log 
Depth Drilling 
Action Description From To 
0 3   dark black organic soil, roots 
3 6   dark balck organic soil, roots 
6 7.5   orange stripes (iron staining), brown-grey clay, loess?, seeds 
7.5 13   sandy-silty loess, brown-grey clay with iron staining 
13 18   sandy-silty loess, brown-grey clay with iron staining 
18 20   brown-grey clay, sandy 
20 24   more clayey, iron staining, light brown color 
24 25   more orgainic, dark brown color, paleosoil? 
25 28   light brown silty, greenish color 
28 30   silty light brown, some iron staining 
30 33   orange sand with seeds 
33 37   silty sand, light brown color with a little orange 
37 38   sand, brown color, feldspars and qtz 
38 41 C sand, qtz, feldspars, brown color 
41 45   silty clay, brownish-grey color, roots and iron staining 
45 47.5   brown medium sand, qtz, feldspar 
47.5 49   silty light brown clay, fine sand, some roots 
49 53   sandy orange brown , lots of iron staining, some larger rocks 
53 55   medium sand, poorly-sorted 
55 58   
very coarse sand and gravel, poorly-sorted, qtz, k-spar, rx frag, dark 
min, lots of color 
58 61   medium gravel, rx frag, qtz, spar 
61 62   silty clay, light brown color with iron staining 
62 64   very coarse sand , medium gravel, qtz, rx frag, spar 
64 65   silty clay (more clay), light brown color with a slight green tinge 
65 68   
medium to coarse gravel, poorly sorted, lots of pinks, qtz, rx frag, 
spar 
68 78   medium to coarse gravel, pinks, greens, rx frag, qtz, spar 
78 88   
medium gravel (not as coarse), buff with a little pink, white, qtz, spar, 
rx frag 
88 98   
very coarse sand to medium gravel, buff color with qink, white, qtz, 
spar, rx frag 
98 108 C 
medium gravel, coarse sand, buff color with lots of pinks, qtz, rx frag, 
spar 
108 113 C very coarse to medium sand, brown color, a few larger pieces 
113 118   
Medium to coarse gravel, buff with pink, green, white, rx frag, qtz, 
spar 
118 125   very coarse sand to medium gravel, pinks and whites, buff color 
125 128 C coarser, coarse gravel, pink and green, big rx frag., buff color 
128 130 C very coarse sand, buff color 
130 138   Brown-orange clayey silty fine sand, iron staining 
138 158   
mostly silt (not in sample), some fine sand and pieces of clay, buff 
color ( pale yellow brown) 
158 178   mostly silt, some fine sand (~40%?) buff colored, ~90% qtz 
178 181   clay sand, dark grey, clay-silt 
181 192   fine to medium sand, buff with pink 
170 
192 198   medium to coarse sand, granite frag, pink and white, poorly-sorted 
198 199 C organic w/ roots (could be from above) 
199 203   medium buff colored sand, lots of qtz 
203 204   organic w/ roots (could be from above) 
204 205   fine to medium buff colored sand, qtz 
205 212   
very coarse sand to medium gravel, lots of pink, qtz, spars, rx frag 
(some black) 
212 213   clay, light brown and orange, iron staining 
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Appendix A-3. Bluebill borehole log. 
Depth Drilling 
Action Description From To 
0 6   Black clay, organics, roots 
6 13   tan clay with iron staining, organics 
13 18   tan clay with roots and black organics, iron staining 
18 22   
yellowish brown clay with roots and organics, some iron 
staining 
22 25   clay with some sand, dark brown 
25 28   clay with some sand, tan with iron staining, some orgainics 
28 36   clay with some sand, tan with iron staining, some orgainics 
36 38 C 
medium sand with silt, light brown with some iron staining, qtz, 
spars, organics 
38 48 C 
fine to medium sand, well-sorted, qtz, spar, dark min., buff 
color with pinks and blacks 
48 58   
Fine sand, well-sorted, some black organics, qtz, spar, buff 
color with black particles 
58 68 C at 62 
medium to coarse sand, moderately poorly-sorted, buff color 
with pinks and organics, and some green minerals 
68 70   coarse sand, dark black with pinks, oranges and whites 
70 76.5   very coarse sand to medium gravel, greyish-orange rx frag. 
76.5 78   dense clay, tannish-grey color 
78 84   gritty clay with large pebbles, tan with yellowish staining 
84 88   silty clay with organics, buff color, ~40% organics 
88 94   silty clay with organics, buff color with dark particles 
94 96   fine sand with organics, buff color with dark particles 
96 97   
coarse sand and fine gravel, rx frag., and qtz, buff color with 
pink frag 
97 98   yellowish clay with gravel and organics 
98 105   clayey silt with gravel, yellowish-tan color 
105 108   
coarse sand to medium gravel, buff color with pink and white 
particles 
108 113   
medium to coarse sand, buff color with pink and white 
particles 
113 118   
very coarse sand to medium gravel, qtz and rx frag., buff color 
with pink particles 
118 128   
very coarse sand to medium gravel, qtz, rx frag., pink, green 
and white colored particles 
128 138   
very coarse sand to medium gravel, rx frag., qtz, pink, white, 
green particles 
138 148 C 
very coarse sand to medium gravel, qtz, rx frag, pink, white, 
green particles 
148 158 C 
very coarse sand to medium gravel, rx frag., qtz, pink, white, 
green particles 
158 168   medium sand , buff colored, qtz 
168 173   silty with very fine sand, buff colored 
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Appendix A-4. Greenhead borehole log. 
Depth Drilling 
Action Description From To 
0 5   black organic clay with roots 
5 8   grey clay with black organics 
8 18   
greyish-tan clay with black organics, some iron staining, maybe 
some sand at 17' 
18 19   greyish-tan clay with black organics 
19 28   orangish-tan clay with fine sand, iron staining, some organics 
28 32   orangish-tan clay with fine sand, iron staining 
32 38   fine sand with tan clay, a little iron staining, organics 
38 42   tan clay with some fine sand 
42 48   fine to medium sand with some clay and cobbles of quartzite 
48 56   
medium sand and fine gravel, buff with orange, pink and white 
particles 
56 58   clay with fine sand and iron staining, tan color 
58 68   sandy clay with gravel rx frag and iron staining 
68 70   sandy clay, tan color 
70 78   
medium sand and gravel, mod. poorly-sorted, buff color with pink, 
white and black particles, rx frag, qtz 
78 88   
medium sand and gravel, mod. poorly-sorted, buff color with pink 
and white rx frag., last 5' maybe coarser 
88 98   
coarse sand and medium gravel, buff with pink, white and green, rx 
frag., qtz 
98 108   
coarse sand and medium to coarse gravel, buff with pink, green, 
white and black rx frag 
108 110   Coarse sand and medium gravel 
110 118   medium to coarse sand with tan clay, some iron staining 
118 125   
fine to medium sand with silty clay, buff with whites and blacks, qtz, 
spar 
125 128   medium to coarse sand, buff with pink and black, spar, rx frag. 
128 138   medium sand with dense clay, silt, some fine gravel, buff color 
138 141   sand, clay, silt, buff colored (sane as before) 
141 148   
coarse sand and medium gravel, buff with pink, shites, green, rx 
frag, qtz 
148 158   
coarse sand and medium gravel, buff with white, pink, green, rx frag, 
qtz, spar 
158 168   
Coarse sand and medium gravel, buff with pink, black, green, white, 
rx frag, qtz 
168 178   
coarse sand and medium gravel, buff with pink, black, white, rx frag, 
qtz 
178 188   fine to medium sand, buff with black, pink, spar, qtz 
188 198   fine to medium sand, possibly silt/clay?, buff color 
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Appendix A-5. Moger borehole log. 
Depth Drilling 
Action Description From To 
0 3   Black organic clay (fat), has roots 
3 9   grey/tan clay/silt (very soft), some roots 
9 18   grey/tan silty clay, some very fine sand, some iron staining 
18 23 C Grey/tan silty clay, very fine to fine sand, some iron staining 
23 24   Silt lense 
24 27   silt grey/tan, fine sand 
27 38   
Fine to medium sand mixed with tan silt, pink, orange, white sand 
fragments, some coarse fragments 
38 48   
Silty sand, medium at 38' and becoming coarser near 48', tan sand 
with orange, pink, white particles 
48 52   silty sand, coarse, tan sand with orange, pink and white particles 
52 58   
poorly-sorted medium to coarse gravel, rx frag, quartzite, pink, 
orange, white gravel 
58 68   Coarse poorly-sorted gravel, rx frag., some medium sand, quartzite 
68 70   fine to medium sand, orange, pink and white particles 
70 76   
clay and gravel mix, some medium to coarse sand, iron staining on 
clay (tan) 
76 78   Silty sand, fine to medium tan sand, orange, pink, white particles 
78 88   Fine sand to coarse gravel, mod. poorly-sorted, blue color?, tan color 
88 98   Fine sand to coarse gravel, mod. poorly-sorted, buff color 
98 108   fine sand to coarse gravel, mod. poorly-sorted, buff color 
108 113   fine sand to fine gravel, buff color, pink, orange, green particles 
113 118   
medium sand to coarse gravel, buff color, pink, orange, green, yellow 
particles 
118 128 C at 126' 
medium sand to medium gravel, mod. poorly-sorted, pink, green, tan, 
white particles 
128 133   medium sand to medium gravel, mod. poorly-sorted, blue color sand 
133 137   
medium sand to medium gravel mixed with blue silty clay, pink, blue, 
tan, green particles 
137 138   fine sand to fine gravel, some silt, blue, pink, tan, green particles 
138 143   fine sand to fine gravel, blue, pink, tan, green, black particles 
143 148   fine sand to very coarse sand 
148 153   fine to coarse sand, some rx frag 
153 158   fine to medium sand, some rx frag 
158 163   fine to coarse sand, blue, green, pink, orange, black rx frag 
163 168   fine to medium sand, some rx frag 
168 178   fine to medium sand 
178 188   fine to coarse sand, some rx frag, pink, black, green, red particles 
188 198   medium to coarse sand with bits of blue green clay mixed in 
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Appendix A-6. Harms borehole log. 
Depth Drilling 
Action Description From To 
0 1.5   Topsoil, black organic matter, lots of roots 
1.5 5   brown to black clay (fat), some roots 
5 18   first four feet had higher silt content, tan/grey silty clay 
18 24   tan/grey silty clay 
24 28   black silty clay 
28 36.5   grey silty clay with wome very fine sand 
36.5 39   grey to tan silty clay with some fine sand 
39 44   clayey silt with some fine sand, brown color 
44 58   
fine to medium sand, coarser material more abundant in 
first 5 feet, reddish color, red, pink, orange particles 
58 61   
fine sand and silt (not much sample), medium sand near 
61' 
61 67   clay mixed with sand, tan, some reddish color from sand 
67 78   
reddish sand coarse material, mod. poorly-sorted, pink, 
orange, black, yellow particles 
78 83   
coarse sand, reddish to tan, some rx frag, mod. poorly-
sorted 
83 87   
coarse sand mixed with bown/tan clayey silt, sand 
particles contain red, orange, black and green 
87 92   grey/white clayey silt mixed with fine to medium sand 
92 98   
reddish tan medium to coarse sand, some white/grey 
clay mixed in 
98 100   
reddish tan coarse sand, some white/grey clayey silt 
mixed in 
100 118   
coarse sand to fine gravel, rx frag., red, pink, orange, 
green, black particles, mod. poorly-sorted 
118 138   
medium to coarse sand, some rx frag., mod. poorly-
sorted, tan color with red, pink, green, black particles 
138 143   
medium to coarse sand, reddish color, mod. poorly-
sorted 
143 149   
brown to white silty clay mixed with coarse sand to 
medium gravel, (fine sandy silt caught in bucket) 
149 158   
fine to coarse sand, mod. poorly-sorted, red, pink, 
orange, black, tan particles 
158 178   
medium sand to fine gravel, mod. poorly-sorted, reddish 
sand in places with small lenses of silty clay (<0.5'), silty 
clay is grey/white 
178 198   
medium sand with rx frag, some white/grey silty clay, 
pink, orange, red, green particles 
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Appendix A-7. Lindau borehole log 
Depth Drilling 
Action Description From To 
0 2   black organic soil 
2 5   dark brown clay with organics 
5 8   yellow-brown clay with organics and iron staining 
8 18   
grey clay with yellow iron-staining, gets harder as get 
deeper 
18 22   grey clay with iron staining 
22 28   
light brown clay with red staining mixed with silt and very 
fine sand 
28 38   
silt and very fine sand, buff color, mostly qtz, very well-
sorted 
38 43   silt and very fine sand, buff color, very well-sorted 
43 48   brown-orange silty clay 
48 58   
brown-orange silty clay, (orange could be from iron 
staining) 
58 63   brown-orange silty clay and very fine sand 
63 68   
greyish-yellow sandy clay, clay gets harder as go deeper, 
some iron staining 
68 78   buff fine sand, very well-sorted, some black and pink min. 
78 88   buff fine sand, coarsens to medium sand as go to depth 
88 98   
buff fine to medium sand, getting coarser, white, black and 
pink min. 
break to fix drill rig, started again 6/22 
98 108   
buff fine to medium sand, well-sorted, mostly qtz, white, 
black and pink min. 
108 118   
buff fine to medium sand, well-sorted, white, black and 
pink min. 
118 128   
buff medium to coarse sand, well-sorted, mostly qtz, some 
black, pink, white grains 
128 138   
blue medium to coarse sand, lots of dark min., some white 
and red 
138 145 
C at 
142 
medium sand with some coarser sand, blue color, some 
red, black and white min. 
145 148   find to medium sand with clay, blue color 
148 153   clay mixed with some sand, blue color 
153 158   
coarse sand mixed with some clay, both blue and tan 
colors, pink and black min. 
158 161   coarse sand mixed with some clay 
161 168   
coarse sand to fine gravel, green, black pink and white 
min. 
168 178   
coarse sand to fine gravel, pink, green, black, white min., 
qtz, feldspar, rx frag,. Poorly-sorted 
178 188   
medium sand with some coarse grains getting finer, blue 
color, maybe some clay?, qtz, spar, rx frag 
188 193   orange-yellow clay with some sand 
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Appendix A-8. Linder borehole log. 
Depth Drilling 
Action Description From To 
0 3   Black organic soil and clay 
3 8   Brown silty clay with organics 
8 18   yellow-brown silty clay with organics 
18 28   yellow-brown silty clay with organics 
28 38   
yellow-brown silty clay getting denser as go deeper, some 
organics 
38 44   yellow-brown silty clay 
44 48   
yellow-brown clay with silt and a little fine sand, more clay 
than silt, more dense 
48 54   reddish-brown clay with silt and fine sand 
54 58   
yellow-brown clay with fine sand, some silt, some red 
particles 
58 68   
buff colored fine to medium sand with some clay, red, black, 
white particles 
68 78   
buff fine to medium sand, less clay as going deeper, mostly 
qtz, some spar, white and black minerals 
78 88 C 
buff fine to medium sand, mostly qtz, 20% spar, some black 
and white minerals 
88 98   
buff fine to medium sand, some coarse grains, mostly qtz, 
feldspar, black and white minerals 
98 108   silt with fine to medium sand 
108 118   
silt with fine to medium sand, sandstone?, limonitic?, red and 
yellow cemented chunks 
118 121   silt with fine to medium sand, buff color 
121 125   
silty clay with some fine to medium sand, yellow-orange 
color, limonitic? 
125 128   yellow-brown clay, dense clay 
128 131   yellow-orange-brown clay 
131 138   
silty sand, fine to medium sand, mostly fine sand, buff color, 
qtz, spar, some black min. 
138 148   
buff fine to medium sand, some coarse sand mostly qtz, with 
spar, black min. 
148 157   
buff fine to medium sand, some coarse sand, qtz, spar, dark 
min. 
157 158   coarse sand to fine gravel, qtz, rx frag. 
158 168   
coarse sand to gravel, gravel coarsening as gets deeper, qtz, 
quartzite rx frag, orange to red color 
168 178   
coarse sand to medium gravel, orange-brown  color, qtz, 
quartzite, rx frag 
178 188   
coarse sand to medium gravel, buff color, qtz, rx frag, black, 
green, red frag. 
188 198   
very coarse sand to coarse gravel, buff-red color, qtz, rx frag., 
green, pink, dark, red frag. 
198 203   coarse sand to coarse gravel, orange-buff color, qtz, rx frag. 
203 208   sandy dense clay, grey-white color, calcareous? 
177 
208 214   calcareous grey-white marl? 
214 218   
coarse sand to medium gravel, pinkish-buff color, qtz, 
quartzite 
218 223   coarse sand to fine gravel 
223 228   marl?, calcareous white-grey clay holding sand, sandstone? 
228 232   calcareous sand and clay, medium grained, tan brown color 
231.5 234   greyish-white, top of sandstone? 
234 238   greyish-brown sandstone 
238 253   tannish-grey sandstone, calcareous?, medium sand 
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Appendix B.  δ18O and δ2H compositions for surface water at study wetlands. 
 
Appendix B-1. Linder 
Apr-09
May-09Jun-09
Jul-09
Aug-09
Sep-09
Oct-09
Nov-09
Mar-10
Apr-10
May-10
-93
-83
-73
-63
-53
-43
-33
-23
-13
-3
-15 -13 -11 -9 -7 -5 -3 -1 1
Oxygen-18
D
eu
te
ri
u
m
Mead MWL
North Platte MWL
Global MWL
Apr-09
May-09
Jun-09
Jul-09
Aug-09
Sep-09
Oct-09
Nov-09
Mar-10
Apr-10
May-10
 
 
Appendix B-2. Lindau 
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Appendix B-3. Moger 
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Appendix B-4. Harms 
Apr-09
Mar-10
Apr-10
May-10
-100
-90
-80
-70
-60
-50
-40
-30
-20
-15 -10 -5 0
Oxygen-18
D
eu
te
ri
u
m
Mead MWL
North Platte MWL
Global MWL
Apr-09
Mar-10
Apr-10
May-10
 
 
 
 
 
 
 
180 
Appendix B-5. Greenhead 
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Appendix B-6. Griess 
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Appendix B-7. Bluebill 
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Appendix B-8. Hidden Marsh 
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Appendix C. δ18O and δ2H compositions for groundwater 
 
Appendix C-1. Deep wells sampled summer 2009. 
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Appendix C-2. Shallow wells sampled summer 2009. 
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Appendix C-3. Deep wells sampled spring 2010. 
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Appendix C-4.  Shallow wells sampled spring 2010. 
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